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1. Diffraction

The word “diffraction” covers a rather large class
of events at colliders and fixed target machines. The
central thread in all the processes one calls diffractive is
a rapidity gap (where no particles are produced) which
is large enough to guarantee that no flavor or color
quantum numbers are exchanged between the colliding
particles. Thus, for example at a proton-antiproton
collider the reaction p+ p̄→ p∗+ p̄∗ is diffractive if the
particles (or jets) making up the p∗ and the particles
(or jets) making up the p̄∗ are separated by a rapidity
gap ∆Y which is large enough to guarantee that the
flavor and color quantum numbers of p∗ are the same as
p and those of p̄∗ the same as p̄. ∆Y ≥ 3 is a common
criterion for such a gap size. The physics being studied
varies considerably according to the type of diffraction
and so we separate our discussion into (somewhat arbi-
trary) categories and attempt to highlight the physics
issues in each of these categories. The emphasis here
is physics at Fermilab, but there are often complemen-
tary reactions at HERA. The contrast and comparison
between diffraction at these two colliders yields much
more insight than the study of diffraction at either
collider in isolation.

2. Soft Diffraction

Regge Theory gives a good description of two-body
and quasi-two-body reactions, including diffraction, at
ISR energies and below. This Regge picture contin-
ues to describe total and elastic cross sections through
collider energies. However, it is known from studies
of elastic and total cross sections of proton-proton and
proton-antiproton scattering that the unitarity limit
(blackness) has been reached for central impact pa-
rameter collisions. It is then somewhat of a mystery
why the simple Regge pole picture, a picture only valid
far from unitarity limits, works so well for total and
elastic scattering. Soft diffraction adds a new piece of

information here. Although the Regge pole picture fits
the total and elastic cross sections at collider energies
it does not work for diffraction [1,2]. The growth in
the diffraction cross section is much less rapid through
the collider energy region than predicted by fits at ISR
energies and below. This fits nicely with the picture
that central collisions are unitarity saturating but be-
come weaker with increasing impact parameter. Let’s
see qualitatively how this looks.

A high energy proton is a state having many degrees
of freedom which are built out of quarks and gluons.
Schematically one may write

|ψproton〉 =
∑
�
|ψ � 〉c � (1)

where i labels a state in terms of the fundamental
degrees of freedom and where

∑
� |c � |2 = 1. From

studying elastic and total cross sections we know that
S(b)|ψ ���������
	 〉 is small when b, the impact parameter,
is small where S is the S-matrix for elastic reactions.
This means that S(b)|ψ � 〉 is small at central impact pa-
rameters for all i having non-negligible c � . This in turn
gives equal inelastic and elastic cross sections because
the T-matrix defined by

T (b) = i(1− S(b)) (2)

becomes equal to i at small impact parameters.
Diffraction occurs when S(b)|ψ � 〉 is zero for some con-
figurations, i, and far from zero for other configura-
tions. In such a case the “shadow” of the inelastic
collisions is not just the proton state but a wide variety
of other states as well, that is diffractive states. Below
ISR energies the proton is not black at any impact
parameter and the shadow of these inelastic events
is both elastic scattering and diffractive production.
Here Regge theory works well. As one goes through
the ISR region and into collider energies, central im-
pact parameter collisions are becoming black and these
regions contribute more strongly to elastic scattering
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and give much less diffraction than at lower energies.
Diffraction comes from those impact parameters where
the S-matrix is changing from strong to relatively weak
interactions. The Regge picture (pomeron exchange)
now does not work because a single pomeron cannot
properly describe a region where S ≈ 0. In Regge lan-
guage one needs multiple pomeron exchange for small
impact parameter collisions and this considerably com-
plicates the whole Regge picture and robs it of much
of its predictive power.

Thus we qualitatively understand the behavior of the
soft diffractive cross section. Attempts to make this
explanation more quantitative are hampered by the
lack of control over nonperturbativie QCD, but there
are interesting phenomenological attempts in terms of
multiple pomeron exchange [8] (absorption) and a sug-
gestion that the “pomeron flux” may in some sense
need to be renormalized as one reaches unitarity lim-
its [1,2].

3. Hard Diffraction

We have seen that soft diffraction comes about at im-
pact parameters corresponding to the transition from
the region where S = 0 to the region where S = 1.
This should also be the case for hard diffraction at
Fermilab, while new elements come into diffraction at
HERA, partly because a virtual photon is weakly in-
teracting, and partly because a virtual photon is not
quite a “state.”

The motivation for looking at hard diffraction is
clear. Unbiased hard interactions probe the parton
structure of the proton and tell how many quarks and
gluons are in a proton. In hard diffraction one probes
the quark and gluon structure of diffraction itself. This
is often described in a picturesque language as saying
that hard diffraction studies the quark and gluon dis-
tribution of the pomeron [2–4] In a typical Fermilab
diffractive reaction

proton(p) + antiproton (p̄)→ proton (p′) +X

with a large rapidity gap between p′ and X one often
pictures the process as p → p′+ pomeron followed by
the reaction

pomeron (p− p′) + antiproton(p̄)→ X.

If there are jets in X then this reaction can be used
to study the parton structure of the pomeron and the
antiproton in a standard way. This picture is a lit-
tle suspect because we have already seen that in low
impact parameter reaction a single pomeron does not
dominate diffractive reactions. Also it is far from clear
in what sense a pomeron can be treated as an incoming
state. Nevertheless, it is clear that hard diffraction

does study what partons are involved in diffractive
reactions, and one may consider the whole description
in terms of the structure of the pomeron as simply
a picturesque language for describing the quark and
gluon structure of diffraction. Similar hard diffraction
can be studied at HERA [5] with the reaction

proton(p)+photon (Q)→ proton(p′) +X

with, again, a rapidity gap between p′ and the particles
making up X.

Comparing hard diffraction at Fermilab and HERA
gives a disagreement between the pomeron structure
function of about an order of magnitude [3]. This is
strong evidence for factorization breaking with HERA
distributions much larger than the corresponding Fer-
milab ones. This result is not unexpected, and the
cause is the same as that leading to the slowing of
the growth of soft diffraction. Namely the pomeron
is not really a universal object. In pomeron language
there should be many pomeron exchanges occurring at
Fermilab because unitarity bounds are being reached.
The hard part of the reaction then does measure prop-
erties of this exchange. At HERA the exchange is much
simpler because deep inelastic scattering is a point-like
probe and it is this probe itself which is one of the
scatterers initiating the reaction. Also in deep inelastic
scattering one can view the virtual photon as turning
into a quark-antiquark pair before the scattering. This
quark-antiquark pair then scatters on the proton and
both elastic and diffractive scattering of this pair will
be counted as diffractive events in deep inelastic scat-
tering. Thus there is no suppression of diffraction of
HERA events at central impact parameter in contrast
to what happens at Fermilab.

The nature of diffraction at HERA and at Fermi-
lab is fundamentally different. In neither case have
theorists been able to frame the discussion in sharp
enough terms to make good use of the large amount of
data which is already available and that which can be
expected in Run II. Thus in the case of Fermilab it is
certainly true that hard diffraction tells us something
about the partonic structure of diffraction. But, to
what extent are we probing the diffraction that occurs
in soft processes at Fermilab, and to what extent is
the hard process creating or modifying the diffraction?
That is, what properties of diffraction are universal?
Similar issues hold at HERA where one might say that
large Q2 diffraction is determining a particular event
rather than measuring any particular property of a
universal quantity, the pomeron.

In fact it may be that the focus on viewing diffrac-
tive hard scattering as probing a preexisting object is
misleading. In particular another point of view has
proved very successful in understanding and correlat-

219



ing diffraction and small-x structure functions in a
low to moderate Q2 regime at HERA. In this picture
one chooses a frame where the virtual photon breaks
up into a quark-antiquark pair before the scattering.
Then the process is quark-antiquark pair scattering on
a proton. If the scattering is inelastic then the process
contributes to the inelastic part of F2. If the scattering
is elastic then the process contributes to the diffractive
part of F2. Thus, here, hard diffraction is the shadow
of inelastic events. A rather simple model proposed
by Goelec-Biernat and Wüsthoff incorporates unitarity
limits (saturation) for the small-x scattering of moder-
ate spatial-sized quark-antiquark pairs along with the
probability that a photon will breakup into a pair of a
certain size. This model comfortably describes moder-
ate Q2 deep inelastic scattering, F2, and diffraction in
a semiquantitative way which matches well with theo-
retical ideas of saturation and dense gluon systems. It
is a great challenge to theorists to invent a comparably
well-motivated model to deal with hard diffraction at
Fermilab.

4. Rapidity Gaps Between Jets

There is a special class of diffractive events which
have been pioneered at Fermilab in which one looks
for events with a sizeable rapidity gap and where there
is a hard jet on either side of the gap. For a gap size
∆Y ≥ 3 such events constitute about 1% of all two-jet
events at Fermilab and about 10% of all two-jet events
at HERA.

There is a good QCD motivation for studying such
events. The basic hard process is elastic quark-
antiquark (or gluon-gluon) scattering at large momen-
tum transfer and at large rapidity. This seems a good
place to measure the BFKL pomeron. However, for the
rapidity gap to be present it is also necessary that the
spectator parts of the colliding proton and antiproton
not produce particles in the rapidity gap. The prob-
ability that the latter happens is called the “survival
probability” of the gap and is estimated to be about
10% at Fermilab [8]. From the BFKL pomeron point
of view the most unfortunate part of the data is the
fact that the percentage of gap events decreases when
one goes from a center of mass energy of 630 GeV
to 1800 GeV. At Fermilab the 1800 GeV runs should
be predominately gluon jets while at 630 GeV quarks
should dominate the hard scattering. The BFKL con-
tribution (at comparable rapidity gaps) to the gap frac-
tion should be enhanced for hard gluon scattering by
a factor of (

�
c�
F

)2 = ( 9
4 )2 as compared to hard quark

scattering. Thus we might expect the gap fraction to
grow as one goes from 630 GeV to 1800 GeV while in
fact the gap fraction decreases by a factor of 2.

What has gone wrong [9]? The most likely prob-
lem is that the survival probability also has an energy
dependence [8] and that the survival probability is de-
creasing between 630 and 1800 GeV. It may be that
there are still important contributions from secondary
trajectories and that the BFKL pomeron is not dom-
inating the hard scattering. Oderda and Sterman [10]
have a variant on rapidity gaps where one requires less
than a certain amount of transverse energy be emitted
in the gap. This allows the QCD calculation, including
color non-singlet exchanges, to be done reliably, but
it does not eliminate the difficult survival probability
questions. It would be interesting to analyze the data
in the Oderda-Sterman way to see if the survival prob-
abilities become significantly larger, and even more
importantly, to see if the survival probability becomes
energy independent.

There is a very simple picture, the “color evap-
oration” picture, which qualitatively describes the
data [11,12]. Here one takes the hard scattering scat-
tering to be given by a single hard gluon exchange.
For example in p + p̄ → QX + Q̄Y one views the X
as the remnant of p after the quark Q is taken out
and Y the remnant of p̄ after Q̄ is taken out. Q and
Q̄ are the (in this case quark) jets being measured.
Thus X is a 3

¯
×3

¯
representation of color SU(3) while

Q, Q̄, and Y are 3
¯
, 3

¯
∗, and 3

¯
∗×3

¯
∗ representations

respectively. The final state color singlet structure is
then formed just by counting the ways in which the
color representations can be combined into singlets.
For example, Q and X have 27 different color states
of which only one of them is a singlet. It is necessary
to take this singlet in order to have a color singlet state
on one side of the rapidity gap. These simple counting
rules give reasonable numbers for the gap fractions and
predict a decreasing gap fraction as one goes from 630
GeV to 1800 GeV because of the color counting change
when Q and Q̄ are replaced by gluons.

The color evaporation model is an interesting picture
and may be a good hint about how the dynamics is
working. However, without a stronger underlying QCD
framework it will remain an intriguing curiosity. It
is an important challenge to see if a QCD dynamical
framework can be developed which leads to something
like the color evaporation model.

5. BFKL Searches

There has been an important activity at Fermilab,
at HERA and at LEP trying to measure the BFKL
pomeron intercept. In the Fermilab analysis the reac-
tion is

proton(p)+ antiproton (p̄)→ jet(k1) + jet(k2) +X
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where k1⊥ and k2⊥ are greater than 20 GeV, and where
k1/p = x1 and k2/p̄ = x2 are fixed to be the same at
630 and 1800 GeV. If one takes the ratio

R =
σ2

��� � (1800)

σ2
��� � (630)

then BFKL predicts

R =

√
∆Y (630)

∆Y (1800)
exp{(α � − 1)[∆Y (1800)−∆Y (630)]}.

∆Y is the rapidity interval between the two jets, but
this is a purely inclusive measurement so there are no
survival probability worries. At HERA one of the jets
is replaced by the virtual photon and a similar formula
holds. At LEP one simply measures the energy de-
pendence of virtual photon-virtual photon scattering.
Each of the accelerators have strong and weak points.
The LEP analysis is certainly the cleanest, but so far
there is a marginal amount of data. The Fermilab DØ
experiment has very robust jets but ∆Y (630) is only
about 2.4 and one may worry that this is not yet large
enough for BFKL dominance. At HERA the jets have
a rather small k⊥ and the worry is that the jet cross
section has not been properly identified.

Perhaps the surprising result [18] is that both Fer-
milab and HERA suggest that α � is near 1.5, close
to the leading order BFKL calculation. The present
theoretical prejudice is that α � will likely turn out to
be nearer 1.25-1.3 when, and if, the dust settles over
attempts to give a reliable answer for the higher order
corrections. What is perhaps even more striking is that
the BFKL evolution seems to be so prominent in this
inclusive reaction while it appears to be completely
masked by other effects in the more exclusive rapidity
gap analysis.

Monte Carlo calculations [19] incorporating BFKL
evolution suggest that BFKL effects should be sup-
pressed by various kinematic and non-asymptotic ef-
fects. Is there another explanation of the strong
small x growth seen in the Fermilab dijet data and
the HERA forward jet data, or are the Monte Carlos
over-compensating non-leading factors as perhaps the
next-to-leading analytic calculations are doing? Much
remains to be understood.

6. Run II Diffraction Prospects

Improved understanding of this new field of hard
diffraction, requires new detectors for tagging and mea-
suring scattered protons. In Ref [3], new results from
a short data taking period with the CDF Roman pot
spectrometer, show some of the possibilities of this new
sub-detector. In Run II, this detector will be available
for the whole run, and will be more fully exploited.

The CDF Run II plans, including addition of new for-
ward calorimeters and gap veto counters are outlined
in Ref. [20].

DØ is in the process of installing a new Forward Pro-
ton Detector (FPD) (see Ref. [21]). This sub-detector
consists of nine independent spectrometers which will
maximize the acceptance for scattered protons and
anti-protons. The FPD will be fully integrated into
the DØ triggering and data acquisition systems and
will provide unprecedented samples of hard diffractive
events of all types.

Double pomeron exchange is the most intriguing
process that can be studied with these new detec-
tors [14], and there were many talks on this subject at
the workshop [22]. In this process both the incoming
proton and anti-proton are scattered but remain intact,
and a massive central system may be produced. At
the Tevatron objects with a mass of more than 100
GeV could be produced. With both arms instrumented
it would be possible to measure both the proton and
anti-proton using the FPD, and jets (for example) us-
ing the central calorimeter. This allows the kinematics
of the event to be fully determined.

In addition, CDF can expand on its “gap+track”
double pomeron results in Run I, where they tag an
anti-proton and a gap. Although, these events are
not gold-plated like the DØ double-tagged events, the
acceptance penalty of tagging with both proton and
anti-proton is avoided, and are thus the data sample is
larger. DØ, of course can study both types of events,
and combine the results to gain a deeper understanding
of this process. Both collaborations will also be able to
exploit double gap events as done by DØ in Run I [4],
which will be especially valuable for rare events.

Measurement of hard double pomeron exchange
would help determine the pomeron structure and pro-
vide unique information on the pomeron flux. Double
pomeron exchange would have a normalization propor-
tional to the square of the flux factor, unlike other hard
diffractive processes. In addition, this process has been
proposed as a trigger for Higgs production at the LHC,
with optimistic assumptions [15], it might be possible
to observe a handful of Higgs events via this mecha-
nism during Tevatron Run II [17]. While this may be
unlikely, these would be spectacular events with only
the decay products of the Higgs in the central detec-
tor, and a proton and an anti-proton in the forward
pot spectrometers. In any case, knowledge gained at
the Tevatron would indicate if this approach is worth
pursuing at the LHC.

Double pomeron interactions are also an ideal place
to look for glueball production (bound states of gluons)
and states with exotic quantum numbers, and the clean
event topologies would make them easier to detect [14,
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16,17].
In conclusion, the Run II outlook for hard diffraction

and related topics appears to be quite bright and will
require the best efforts of the experimental collabo-
rations along with a recently invigorated theoretical
community to finally unravel the mysterious pomeron.
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Diffractive Parton Densities

K. GOULIANOS, The Rockefeller University, 1230 York Avenue, New York, NY 10021, USA.

We present a phenomenological model of hard diffraction in which the structure of the Pomeron is derived from the
structure of the parent hadron. Predictions for diffractive deep inelastic scattering are compared with data.

The inclusive and diffractive deep inelastic scatter-
ing (DIS) cross sections are proportional to the corre-
sponding F2 structure functions of the proton,

Inclusive DIS
� 2 ��������

2 ∝
� h

2 (
��� � 2)�

Diffractive DIS
� 3 ��
	
�������

2 ∝
� D(3)

2 (
	�� ��� � 2)�

where

h and D(3) indicate, respectively, a hard structure
function (at scaleQ2) and a 3-variable diffractive struc-
ture function (integrated over t). The latter depends
not only on the hard scale Q2, but also on the soft
scale, 〈M  〉 ∼ 1 GeV, which is the relevant scale for
the formation of the gap.

The only marker of the rapidity gap is the variable
ξ. We therefore postulate that the rapidity gap prob-
ability is proportional to the soft parton density at ξ
and write the DDIS (diffractive DIS) cross section as

d3σ

dξdxdQ2
∝ F

�
2 (x,Q2)

x
× F �2 (ξ)

ξ
⊗ ξ−norm

where the symbolic notation “⊗ ξ−norm” is used to
indicate that the ξ probability is normalized. Since
x = βξ, the normalization over all available ξ values
involves not only F �2 but also F

�
2 , breaking down fac-

torization. It is therefore prudent to write the DDIS
cross section in terms of β instead of x, so that the
dependence of F

�
2 on ξ is shown explicitly:

d3σ

dξdβdQ2
∝ 1

β

[
F
�
2 (βξ,Q2)× F �2 (ξ)

ξ
⊗ ξ−norm

]

The term in the brackets represents the DDIS struc-

ture function F
�

(3)
2 (ξ, β,Q2).

In the next step, we seek guidance from the scaling
behavior of the soft single-diffractive (sd) differential
cross section [1,2],

dσ � �
dM2

∝ 1

(M2)1+ � (no s-dependence!)

which in terms of ξ takes the form

dσ � �
dξ
∝ 1

s2 �
1

ξ1+2 �
︸ ︷︷ ︸

gap probability

×(s′) �

where s′ ≡ M2 is the s-value of the diffractive
sub-system. Noting that ξ is related to the associ-
ated rapidity gap by ∆Y = ln 1	 , and that the inte-

gral
∫ 1

( � ◦ � � )
1

� 2ε
�
		

1+2ε = constant, the above equation

may be viewed as representing the product of the to-
tal cross section at the sub-system energy multiplied
by a normalized rapidity gap probability. In analogy
with this experimentally established behavior, we fac-

torize F
�

(3)
2 (ξ, β,Q2) into F

�
2 (β,Q2), the sub-energy

DIS cross section, times a normalized gap probability:

F
�

(3)
2 (ξ, β,Q2) = P ��� � (ξ, β,Q2)× F

�
2 (β,Q2)

The gap probability is therefore given by

P ��� � (ξ, β,Q2) = F
�
2 (βξ,Q2)× F �2 (ξ)

ξ
×N(s, β,Q2)

The normalization factor, N(s, β,Q2), is obtained
from the following equation, using ξ � � 	 = Q2/s,

N−1(s, β,Q2) =
1

f �
∫ 1

	
min

F
�
2 (βξ,Q2)× F �2 (ξ)

ξ
dξ

f � is the quark fraction of the hard structure and is
used here because only quarks participate in DIS.

At small x (≤∼ 0.1), the structure functions F
�
2

and F �2 are represented well by the power law expres-

sions [3] F
�
2 (x,Q2) = A

�
/x � h(

� 2) and F �2 (ξ) = A � /ξ � s .
Using these forms we obtain

N−1(s, β,Q2) =
1

f �

[
A
�

β � h
A �

λ � + λ �

(
βs

Q2

) � h+ � s]

F
�

(3)
2 (ξ, β,Q2) =

1	 1+λh+λs
× f � (λ � + λ � )

( � 2� �
) � h+ � s ×

� h� λh
Since in DDIS x is always smaller than ξ, the above

form of F
�

(3)
2 , derived for small x, should be valid

for all x when ξ is small; it should also be valid for

all β(= x/ξ). We therefore expect F
�

(3)
2 to have the

following ξ and β dependence at small ξ:

F
�

(3)
2 (ξ, β,Q2)| � � � 2 ∝ 1

ξ1+ 	 n = λ � (Q2) + λ �
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F
�

(3)
2 (ξ, β,Q2)| 	�� � 2 ∝ 1

β � m = 2λ � (Q2) + λ �
The HERA (non-diffractive) DIS measurements [3]
yield λ � ≈ 0.1, which is in agreement with the value of
ε = α(0) − 1 = 0.104 [4], where α(0) is the intercept
of the Pomeron trajectory at t=0. In the Q2 range
of 10-50 GeV2, where the DDIS data are concentrated,
these measurements yield λ � ≈ 0.3. Using these values
we obtain n = 0.4 and m = 0.7. We therefore expect

Prediction: F
�

(3)
2 ∝ 1

ξ1 � 4
× 1

β0 � 7

We observe the following features:
Factorization
Our prediction exhibits factorization between ξ and β,
in agreement with HERA results at small ξ.
ξ-dependence

In the Regge framework, the ξ-dependence of F
�

(3)
2 is

expected to have the “Pomeron flux” form ∼ 1/ξ1+ 	

with n = 2ε = 0.2, independent of Q2. In the Q2 range
of 10-50 GeV2, the HERA experiments find that n is
≈ 0.4 and has a small Q2 dependence, in agreement
with our prediction of n = λ � (Q2) + λ � .
β-dependence

The predicted form 1/β
�

for F
�

(3)
2 is valid in the

region of (fixed) small ξ and high Q2, where the

x-distribution of F2(x,Q2) has the form A
�
/x � h(

� 2).
As there are no data points at strictly fixed ξ, we have
selected the following set of five points at Q2 = 45
GeV2 and ξ ≈ 0.01 from Ref. [5] with which to compare

the measured values of F
�

(3)
2 with our prediction:

β x ξ = x/β ξ · F
�

(3)
2 ± stat± syst

0.10 0.00133 0.0133 0.0384± 0.0066± 0.0030
0.20 0.00237 0.0118 0.0406± 0.0061± 0.0026
0.40 0.00421 0.0105 0.0215± 0.0046± 0.0016
0.65 0.00750 0.0115 0.0240± 0.0054± 0.0026
0.90 0.00750 0.0083 0.0088± 0.0041± 0.0005

The following parameters are used in the calculation

of F
�

(3)
2 :

√
s = 280 GeV, ξ = 0.01, Q2 = 45 GeV2,

λ � = 0.1, λ � = 0.3, f � = 0.4 [7], and A
�

= 0.2; the
latter was evaluated from F2(Q2 = 50, x = 0.00133) =

1.46 [6] assuming a
� h�
0.3 dependence. In figure 1, our

prediction for ξ · F
�

(3)
2 (β) versus β is compared with

the data. The observed agreement both in shape and
normalization is satisfactory, particularly since no free
parameters are used in the calculation.
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CDF Results on Double Diffraction

M. E. Convery a

aThe Rockefeller University, 1230 York Avenue, New York, NY 10021, USA

The double-diffractive cross section is measured for p̄p interactions which produce a central rapidity gap with width ∆η > 3
at
√
s = 1800 and 630 GeV. Comparisons are made to predictions from Regge theory based on the triple Pomeron amplitude

and factorization and to previous measurements.

Double-diffractive (DD) events are characterized by
the exchange of a color singlet with the quantum num-
bers of the vacuum, the Pomeron, causing both inci-
dent hadrons to dissociate. The dissociated hadrons
produce diffractive mass clusters along their initial di-
rection, while, since the exchanged object does not
radiate as, for example, a colored object would, the
region in between the clusters is empty of particles.

Hard double diffraction (Fig. 1a) has previously
been studied in events with rapidity gaps between jets.
The fraction of dijet events with 1.8 < |η

��� � 1 � ��� � 2 | <
3.5, η

��� � 1η
��� � 2 < 0, and E

��� � 1 � ��� � 2 > 20 GeV at√
s = 1800 GeV due to color singlet exchange (CSE)

was found to be [1]

R ����� (1800) = [1.13± 0.12(stat)± 0.11(syst)]%,

and for jets with E
��� � 1 � ��� � 2 > 8 GeV at

√
s = 630 GeV

[2]

R ����� (630) = [2.7± 0.7(stat)± 0.6(syst)]%,

so that the CSE fraction at 630 GeV is greater than
that at 1800 GeV by a factor of

R(630)/R(1800) = 2.4± 0.7(stat)± 0.6(syst).

The distribution of the CSE fraction as a function of
the rapidity separation between the jets was seen to
drop as the jets reached the edges of the acceptance.
No dependence was observed of the CSE fraction on
mean dijet E  or on jet x, determined from the E 
and η of the jets as x � = e| � i|E

�
 /√s.

We have studied soft double diffraction (Fig. 1b)
by looking for central rapidity gaps in minimum-bias
events which have hits in the Beam-Beam Counters
(BBC’s). We looked for gaps which overlap η = 0
rather than the largest gap anywhere in the detector
because the latter method is more likely to be biased
by inefficiencies in the calorimeters. The η of the track
or calorimeter tower above a given threshold with the
smallest |η| for η > 0 (η < 0) is defined to be η � � � ( � � 	 ).
Events with the lowest-|η| particle in the BBC, 3.2 <
|η| < 5.9, are assigned |η � � � ( � � 	 )| ≡ 3.3. The data

(a)

p

p
IP

η

φ

(b)

p

p
IP

η

dN
dη

ηη maxmin

ln M1 ln M2
2 2

ln s
Figure 1. A double-diffractive interaction in which
a Pomeron (IP ) is exchanged in a p̄p collision at
center-of-mass energy

√
s, (a) with a hard scattering

producing jets on opposite sides of a rapidity gap, and
(b) producing diffractive masses M1 and M2 separated
by a rapidity gap of width η � � � − η � � 	 .

are compared to non-diffractive (ND), single-diffractive
(SD), and DD Monte Carlo (MC) simulated events as
a function of η � � � and −η � � 	 (not shown). Struc-
ture due to different thresholds and efficiencies in the
calorimeter is visible, e.g., at the interface between the
plug and forward calorimeters at η ∼ 2.4.

Figure 2 shows histograms of the data and MC as a
function of ∆η0 = η � � � −η � � 	 . The SD contribution is
fixed by known cross sections and the fraction of events
passing the BBC trigger in the MC. The ND and DD
contributions are determined as follows. The DD and
non-DD MC distributions are normalized to give the
number of events observed in the data in the region
∆η0 < 0.8 (dominantly ND) and ∆η0 > 3 (domi-
nantly DD). The DD MC uses the differential cross sec-
tions from Regge theory based on the triple Pomeron
amplitude and factorization. The agreement between
data and MC seen in Fig. 2 shows that Regge theory
appears to correctly predict the mass dependence, as
was also observed by the H1 collaboration [3]. Note
that the fluctuations in the ∆η0 distribution are due
to structure in the calorimeter and are followed closely
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by the MC because of careful calibrations derived to
match MC particle p  ’s to observed calorimeter E  ’s.

We find cross sections at
√
s = 1800 (630) GeV by

measuring σ � � A, where A is the detector acceptance
for triggering on diffractive mass clusters. Preliminary
calculations from MC yield A = (48.7± 8.4)% [(61.4±
6.8)%], and

σ � � (
√
s = 1800 GeV,∆η0 ≥ 3) =

4.71± 0.02(stat)
+0 � 92
−0 � 90(syst) mb,

σ � � (
√
s = 630 GeV,∆η0 ≥ 3) =

4.32± 0.01(stat)
+0 � 54
−0 � 76(syst) mb.

The cross sections for all gaps of width ∆y > 2.3,
corresponding to the SD coherence limit of ξ < 0.1,
can be obtained by extrapolation using the differential
cross section shape from Regge theory, and are greater
by a factor of 1.72 (1.67) at

√
s = 1800 (630) GeV.

The resulting cross sections are shown in Fig. 3 along
with results from UA5 [4] and other cross sections at
lower energies [5,6], most of which were derived from
exclusive measurements using factorization relations.
The DD cross sections measured by CDF are an or-
der of magnitude smaller than what is predicted using
Regge theory, but are in general agreement with the
renormalized gap model [7],

The improved plug calorimeters and proposed mini-
plug detectors for CDF in Run II will allow a better
measurement of the DD cross section and hard DD
dijet production, including better resolution of gaps
and jets out to η ≈ 5.5.
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Diffractive Dijets at CDF

Ken-ichi Hatakeyamaa

aThe Rockefeller University, 1230 York Avenue, New York, NY 10021, USA

We report results obtained from a study of Roman Pot triggered events with a leading antiproton of beam momentum
fraction 0.905 < xF < 0.975 and 4-momentum transfer squared |t| < 3 GeV2, produced in p̄p collisions at

√
s = 1800 GeV.

Using events which contain two jets with transverse energy EjetT > 7 GeV, the diffractive structure function of the antiproton
is evaluated and compared with expectations based on results obtained at HERA.

We have studied diffractive dijet events produced
in p̄p collisions, which are characterized by two jets
with high transverse energy and a leading (anti)proton
accompanied by a rapidity gap. The rapidity gap,
defined as a region of pseudorapidity devoid of par-
ticles, is associated with the exchange of a Pomeron
(IP ), which is a color-singlet state with vacuum quan-
tum numbers. In this framework, diffractive dijet
events produced in p̄p collisions can be expressed as,
p̄+ p→ [p̄′ + IP ] + p→ p̄′ + Jet1 + Jet2 +X .

Previously, the CDF collaboration studied diffrac-
tive W -boson, dijet and b̄b productions [1,2]. In these
analyses, diffractive production is tagged by the re-
quirement of a forward rapidity gap. The observed
rates of diffractive W -boson, dijet and bb̄ productions
were found to be significantly lower than predictions
based on factorization, while such models describe well
the diffractive DIS and photoproduction data obtained
at HERA [3,4]. The breakdown of factorization ob-
served in the rate comparisons raises the question of
whether the β-distribution is also process dependent,
where β is the momentum fraction of the struck par-
ton in the Pomeron. In this analysis, we measure the
diffractive structure function of the antiproton, and
compare it with expectations based on the diffractive
parton densities obtained in diffractive DIS experi-
ments at HERA [4].

The diffractive data used in this analysis were col-
lected by triggering an antiproton detected in three
Roman Pot (RP) spectrometers. The beam momen-
tum fraction x � = 1 − ξ and the four momentum
squared t of the detected antiproton were reconstructed
from the X-Y RP track position, the position of the
event vertex, and the machine transport matrix. The
non-diffractive (ND) data were collected with a mini-
mum bias (MB) trigger which required a coincidence
of hits on two beam-beam counters (BBC). From these
two data samples, we select diffractive and ND dijet
events with two jets of E  > 7 GeV.

Figs. 1(a) and 1(b) show the RP acceptance and a
lego plot of the inclusive diffractive event sample as a

function of ξ and t, respectively. The fraction of dijet
events in the inclusive diffractive events is shown as a
function of ξ in Fig. 1(c) and t in Fig. 1(d). The frac-
tion is found to increase linearly with increasing ξ, but
no significant t dependence is observed, in agreement
with the UA8 result [5] which showed a flat t depen-
dence in the region 0.9 < |t| < 2.3. The jet E  distri-
butions fall faster with E  in the diffractive events than
in the ND. The diffractive dijets are boosted away from
the leading antiproton in η, and are more back-to-back
in φ than the ND.

In leading order QCD, the cross section ratio, R(x),
of the diffractive to ND dijet productions represents
the ratio of the diffractive to ND effective struc-
ture functions defined as F

(
�

)��� (x) = x{g(
�

)(x) +
4
9

∑
� [q

(
�

)� (x) + q̄
(
�

)� (x)]}. Thus, the diffractive struc-
ture may be obtained by multiplying the “known” ND
structure by R(x). The x, the momentum fraction
of struck parton in the antiproton, is evaluated from
the jets (including a third jet if E

��� � 3 > 5 GeV) as,

x =
∑

�
=1

�
2(3) E

(
�
) e− �

(i)

/(2p¯�
0). Fig. 2 shows the ratio

R(x) of the diffractive dijet events to the ND dijet
events for six ξ bins of width ∆ξ = 0.01, where the
two data samples are normalized to the same lumi-
nosity. The distributions are fitted well by the form
R(x) = R0(x/0.0065)− � , with similar slopes for all ξ
bins in the region 10−3 < x < 0.5ξ � � 	 .

The diffractive structure function can be determined
by multiplying the measured R(x) by the known ND
structure function. By changing the variable from x to
β (= x/ξ), we obtain the diffractive structure function
F
�
� � (β), shown in Fig. 3. This structure function is

compared to that extracted by the H1 collaboration
from diffractive DIS measurements using a QCD anal-
ysis [4]. The dashed (dotted) line in Fig. 3 is obtained
from H1 diffractive parton densities derived with fit 2
(fit 3), scaled down by a factor of 20. The measured
diffractive structure function does not agree with ex-
pectations from the H1 results both in normalization
and shape. Summed over all β, the discrepancy in nor-
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malization is about a factor of 10, in general agreement
with predictions based on the renormalized Pomeron
flux model [6].

In Run 2, the Roman Pot spectrometers will be
placed closer to the antiproton beam, which will enable
us to extend our measurement to lower ξ values. In ad-
dition, the improved plug calorimeters, two proposed
miniplug calorimeters and a set of beam shower coun-
ters (BSC) to tag forward rapidity gaps will provide
the basis for improved studies in hard diffraction.
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DØ Rapidity Gap Studies

Andrew Brandt (DØ Collaboration)a

aUniversity of Texas at Arlington, P.O. Box 19059, Arlington, TX 76019

DØ Run I Rapidity Gap studies are briefly described.

1. Hard Diffraction Introduction

Inelastic diffractive collisions are responsible for
10–15% of the pp total cross section and have been
described by Regge theory through the exchange of a
pomeron. Diffractive events are characterized by the
absence of significant hadronic particle activity over a
large region of rapidity or pseudorapidity. This empty
region is called a rapidity gap and can be used as an
experimental signature for diffraction. Recent inter-
est in diffraction has centered on the possible partonic
nature of the pomeron in the framework of quantum
chromodynamics (QCD), as suggested by Ingelman
and Schlein [1]. Hard single diffraction (HSD), which
combines diffraction and a hard scatter (such as jet
or W -boson production), can be used to study the
properties of the pomeron.

The pomeron’s partonic nature was first inferred by
the UA8 experiment [2]. Recent analyses of diffrac-
tive jet production [3–5] and diffractive W -boson pro-
duction [6] are consistent with a predominantly hard
gluonic pomeron, but measured rates at the Fermilab
Tevatron are several times lower than predictions based
on data from the DESY ep collider HERA [7].

Current analyses in DØ on diffractive W -boson ex-
change, double pomeron exchange (central jets with a
forward and a backward rapidity gap), and diffractive
jet production all attempt to provide new insight into
the nature of the pomeron and diffractive interactions.
Here we present new measurements from the most ma-
ture of these analyses, diffractive jet production.

2. Diffractive Jet Production

In the DØ detector [8], jets are measured with the
uranium/liquid-argon calorimeters using a fixed-cone
algorithm. The jets are corrected using standard DØ
routines for jet-energy scale [9], except that there is
no subtraction of energy from spectator parton inter-
actions, since these are unlikely for diffractive events.
To identify rapidity gaps, we measure the number of
tiles containing a signal in the LØ forward scintillator
arrays (nLØ), and towers (∆η×∆φ = 0.1× 0.1) above
threshold in the calorimeters (nCAL).

For
√
s = 630 and 1800 GeV, we use triggers

which required at least two jets with transverse energy
E  > 12 or 15 GeV to study the dependence of the
gap fraction on jet location. The forward jet triggers
required the two leading jets to both have η > 1.6 (or
η < −1.6), while the central jet triggers had an offline
requirement of |η| < 1.0. The events in the final data
samples all have a single pp interaction requirement,
a vertex position within 50 cm of the center of the
interaction region, and two leading jets that satisfy
standard quality criteria [10].

The nLØ versus nCAL distributions are shown in
Fig. 1. For forward jet events, these quantities are
defined by the η region on the side opposite the two
leading jets, while for central jet events they are defined
by the forward η interval that has the lower multiplic-
ity. The distributions display a peak at zero multiplic-
ity (nCAL = nLØ = 0), in qualitative agreement with
expectations for a diffractive component in the data.
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Figure 1. Multiplicity distributions at
√
s = 1800 GeV

for (a) forward and (b) central jet events, and at√
s = 630 GeV for (c) forward and (d) central jet

events.
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Table 1
The measured and predicted gap fractions and their ratios.

Gap Fractions
Sample Data Hard Gluon Flat Gluon Soft Gluon Quark
1800 GeV |η| > 1.6 (0.65± 0.04)% (2.2± 0.3)% (2.2± 0.3)% (1.4± 0.2)% (0.79± 0.12)%
1800 GeV |η| < 1.0 (0.22± 0.05% (2.5± 0.4)% (3.5± 0.5)% (0.05± 0.01)% (0.49± 0.06)%
630 GeV |η| > 1.6 (1.19± 0.08)% (3.9± 0.9)% (3.1± 0.8)% (1.9± 0.4)% (2.2± 0.5)%
630 GeV |η| < 1.0 (0.90± 0.06)% (5.2± 0.7)% (6.3± 0.9)% (0.14± 0.04)% (1.6± 0.2)%
Ratios of Gap Fractions

630/1800 |η| > 1.6 1.8± 0.2 1.7± 0.4 1.4± 0.3 1.4± 0.3 2.7± 0.6
630/1800 |η| < 1.0 4.1± 0.9 2.1± 0.4 1.8± 0.3 3.1± 1.1 3.2± 0.5
1800 |η| > 1.6/|η| < 1.0 3.0± 0.7 0.88± 0.18 0.64± 0.12 30.± 8. 1.6± 0.3
630 |η| > 1.6/|η| < 1.0 1.3± 0.1 0.75± 0.16 0.48± 0.12 13.± 4. 1.4± 0.3

The gap fraction is extracted from a two-dimensional
fit to the lego plot of nLØ versus nCAL. Table 1 shows
the gap fractions obtained for the four event samples.
Uncertainties are dominated by those on the fit param-
eters. Table 1 shows that the gap fractions at

√
s = 630

GeV are larger than gap fractions at
√
s = 1800 GeV

and that gap fractions for forward jets are larger than
for central jets. Table 1 also lists predicted gap frac-
tions for several possible pomeron structure functions.

We compare the data to Monte Carlo (MC) simu-
lations using the hard diffractive event generator
POMPYT [11]. In POMPYT, a pomeron is emitted
from the proton with a certain probability (called the
flux factor [1]), and has a structure functions s(β),
where β is the fractional momentum of the pomeron
carried by the hard parton. We used the standard
Donnachie-Landshoff flux factor [12] in this analysis
and compare our data to several typical structure func-
tion choices. In each case, the gap fraction is defined
as the cross section for jet events with a rapidity gap
based on POMPYT divided by the jet cross section from
PYTHIA [13]. Many uncertainties, such as the choice of
proton parton densities, cancel in the ratio. The MC
values are corrected for diffractive events that fail the
gap selection criteria.

Monte Carlo gap fractions are shown in Table 1. The
systematic uncertainties are dominated by the differ-
ence in energy scale between data and MC. We observe
that rates for harder gluon structures are far higher
than supported by data, while the quark structure is in
reasonable agreement with the data. The quark struc-
ture, however, has previously been shown to predict an
excessive rate of diffractive W -Bosons [6].

A hard gluonic pomeron is capable of describing
previous measurements [3–6], if combined with a flux
factor that decreases with increasing

√
s [14]. The

ratios of gap fractions shown in the lower half of Ta-
ble 1 provide new information, since the flux factor
cancels for the same

√
s, and dependence on the flux

factor is reduced for different
√
s. The ratios for jets

with |η| > 1.6 to jets with |η| < 1.0 show clear
disagreement between the data and predictions for a
hard-gluon pomeron structure, despite this cancella-
tion. A gluon-dominated pomeron containing both soft
and hard components, combined with a reduced flux
factor, could describe all the data samples.
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TH.6488/92. We used version 5.7.

14. K. Goulianos, Phys. Lett. B 358, 379 (1995).

230



QCD Analysis of the Diffractive Structure Functions Measured at HERA and
Factorization Breaking at the Tevatron

C. Royon a
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F-91191 Gif-sur-Yvette Cedex

The 1994 data published by the H1 collaboration are compared with models based on Regge phenomenology. The xIP
dependence of the data can be described in a model based on the exchange of a dominant diffractive (pomeron) trajectory
with additional sub-leading reggeon contributions. The dynamics of the Pomeron structure is studied within the framework
of perturbative QCD and new parton distributions are obtained. These parton distributions will allow a direct test of
factorization breaking at Tevatron.

1. Regge parameterization

The 1994 data are first investigated in the framework
of a Regge phenomenological model [1]. The 1994 data
are subjected to a fit in which a single factorizable
trajectory (IP ) is exchanged such that:

F
�

(3)
2 (Q2, β, x � � ) = f � � � � (x � � )F

� �
2 (Q2, β) . (1)

In this parameterization, F
� �
2 can be interpreted as the

structure function of the pomeron [4]. The value of F
� �
2

is treated as a free parameter at each point in β and
Q2. The pomeron flux takes a Regge form with a linear
trajectory α � � (t) = α � � (0) + α

′� � t, such that

f � � � � (x � � ) =

∫ � min

� cut

e
�
IP �

x
2 � IP ( � )−1� �

dt , (2)

where |t � � 	 | is the minimum kinematically allowed
value of |t| and t ��� � = −1 GeV2 is the limit of the
measurement. The value of α � � (0) is a free parameter
and B � � and α

′� � are taken from hadron-hadron data
[1]. The fit with a single trajectory does not give a
good description of the data in the same way as it
is observed at Q2 = 0 [2] that secondary trajectories
in addition to the pomeron are required to describe
diffractive ep data.

A much better fit is obtained when both a leading
(IP ) and a sub-leading (IR) trajectory are considered in
the same way as in formula (1), where the values of F

� �
2

and F
� �
2 are treated as free parameters at each point in

β and Q2, α � � (0) and α � � (0) being two free parameters.
The flux factor for the secondary trajectory takes the
same form as equation (2), with B � � , and α

′� � again
taken from hadron-hadron data [1]. This fit yields to
the following value of α � � (0) = 1.203± 0.020 (stat.) ±
0.013 (syst.)+0 � 030

−0 � 035 (model) [1] and is significantly larger
than values extracted from soft hadronic data (α � � ∼
1.08). The quality of the fit is similar if interference
between the two trajectories is introduced.

2. QCD fits and the structure of the Pomeron

It has been suggested that the Q2 evolution of
the Pomeron structure function may be understood
in terms of parton dynamics from perturbative QCD
where parton densities are evolved according to
DGLAP [3] equations [4,1], using the GRV parame-
terization for F

� �
2 [5].

For the pomeron, a quark flavor singlet distribution
(zS � (z,Q2) = u + ū + d + d̄ + s + s̄) and a gluon
distribution (zG(z,Q2)) are parameterized in terms of

coefficients C
( � )� and C

(
�

)� at Q2
0 = 3 GeV2 such that :

zS (z,Q2 = Q2
0)




	∑
�
=1

C
( � )� · P� (2z − 1)




2

· e a
z−1 (3)

zG(z,Q2 = Q2
0)




	∑
�
=1

C
(
�

)� · P� (2z − 1)




2

· e a
z−1 (4)

where z = x � � � � is the fractional momentum of the
pomeron carried by the struck parton, P � (ζ) is the
j
� �

member in a set of Chebyshev polynomials, which
are chosen such that P1 = 1, P2 = ζ and P � +1(ζ) =
2ζP � (ζ)− P � −1(ζ). Some details about the fits can be
found in Reference [7].

A sum of n = 3 orthonormal polynomials is used so
that the input distributions are free to adopt a large
range of forms for a given number of parameters. The
exponential factor is needed to ensure a correct con-
vergence close to z=1.

The trajectory intercepts are fixed to α � � = 1.20
and α � � = 0.62. Only data points of H1 with β ≤ 0.65,
M � > 2 GeV and y ≤ 0.45 are included in the fit in
order to avoid large higher twist effects and the region
that may be most strongly affected by a non zero value
of R, the longitudinal to transverse cross-section ratio.
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3. Results of the QCD fits

The resulting parton densities of the Pomeron are
presented in figure 1. As it was noticed in the 1994
F
�
2 paper [1], we find two possible fits quoted here as

fit 1 and fit 2. Each fit shows a large gluonic content.
The quark contribution is quite similar for both fits,
but the gluon distribution tends to be quite different
at high values of z. This can be easily explained as
no data above z = 0.65 are included in the fits. Thus
there is no constraint from the data at high z. The
quark densities is on the contrary more constrained in
this region with the DGLAP evolution. Both fits show
similar χ2 (the χ2 per degree of freedom is about 1.2)∗.
Adding the 1995 data points into the fits also allows
to get a better constraint on initial parton densities at
Q2

0 = 3 GeV2 compared to the fits performed with 1994
data points alone. For the gluon density presented in
figure 1, we have determined that

� �
� ' 25% for z

below 0.6.
The result of the fit is presented in figure 2 together

with the experimental values for 1994 data points ;
we see on this figure the good agreement of the QCD
prediction and the data points, which supports the va-
lidity of description of the Pomeron in terms of partons
following a QCD dynamics.

We have also tried to extend the QCD fits to lower
Q2 (below 3 GeV2) using the 1995 F

�
2 measurement.

The χ2 of the fit turns out to increase (χ2/ndf = 1.6,
adding 35 lowQ2 points to the 171 points) [8]. This can
be illustrated in figure 2 of Reference [8] where changes
of slopes of scaling violations for Q2 below and above
3 GeV2 can be seen. It may indicate that breaking of
perturbative QCD has already occurred in this region.

The idea would then to use these parton distribu-
tions and to compare with the measurements at Teva-
tron in order to study factorization breaking. The
roman pots which will be available in the D0 experi-
ment at Run II will allow a direct comparison with the
results obtained from the HERA parton distributions.
It will be possible to know where factorization breaking
takes place at Tevatron, e.g. is it at low or high β?

4. Acknowledgments

The results described in the present contribution
come from a fruitful collaboration with H. Jung and
L. Schoeffel.

∗Fit 2 is a bit disfavored compared to fit 1 (its χ2 by degree of
freedom is 1.3 compared to 1.2 for fit 1) and is quite instable:
changing a little the parameters modifies the gluon distribution
at high z.
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Figure 1. Quark flavor singlet (zS, left) and gluon
(zG, right) distributions of the pomeron deduced as a
function of z, the fractional momentum of the pomeron
carried by the struck parton, from the fit on 1994 data
points with Q2 ≥ 4 GeV2. Two possible fits labelled
as fit 1 and fit 2 are found (χ2/ndf = 1.2 for fit 1,and
χ2/ndf = 1.3 for fit 2 with statistical errors only).
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Figure 2. The H1 data points on x � � F
�

(3)
2 (1994) are shown with the result of the QCD fit described in the text;

the result of the fit is drawn only in bins included in the minimization procedure.
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Diffractive Heavy Flavor Production at CDF

Andrei Solodsky a

aThe Rockefeller University, 1230 York Avenue, New York, NY 10021

We report results of diffractive production of heavy flavors, charm and beauty, from CDF.

We extended our studies of diffractive processes to
diffractive heavy flavor production, charm and beauty,
to probe directly the gluon content of the pomeron.
Our diffractive beauty [1] production measurement is
based on identifying a high transverse momentum elec-
tron with E  > 9.5 GeV and |η| < 1.1, from the
semi-leptonic b-quark decay, produced in single diffrac-
tion dissociation, p+ p̄→ p/p̄+b(→ e+X ′)+X . Each
event is required to have a jet consisting of at least two
tracks in addition to the electron candidate.

First, we extract a diffractive signal from the ob-
tained event sample and then estimate the b-quark
fraction separately in the diffractive and total event
samples.

As in our diffractive dijet[2] and W [3] analyses,
the diffractive signal is extracted by counting BBC
hits, N � � � , and adjacent forward calorimeter towers,
N � � � , with E > 1.5 GeV. Figure 1(a) shows the corre-
lation between N � � � and N � � � for both the positive
and negative η sides of the detector, i.e. two entries per
event. The (0,0) bin contains 100 events. We evaluate
the non-diffractive content of the (0,0) bin from the
distribution of events along the diagonal of Fig. 1(a),
with N � � � = N � � � , shown in Fig. 1(b) by extrapo-
lating a fit to the data of bins (2,2) to (9,9) to bin (0,0).
This yields 24.4±5.5 non-diffractive background events
in the (0,0) bin.

Figures 1(c) and 1(d) show the electron E  and η
distribution, respectively, for the diffractive (points)
and total (histogram) event samples. In Fig. 1(d), the
sign of η of diffractive events with a gap at positive
η was changed, so that the gap always appears at
negative η. While the E  spectra show no significant
difference, the diffractive η distribution is shifted away
from the gap relative to the symmetric distribution of
the total event sample, in agreement with the single
diffraction event topology.

In addition to events from b-quark decays, the data
contain events from charm decays and background.
The background is mainly due to electrons from resid-
ual photon conversions and to hadrons faking electrons.

We use two methods to extract the fraction of beauty
events in the data. In the first method, we fit the
electron momentum component perpendicular to the

jet axis, p
� � ��� � , which depends on the mass of the par-

ent quark, with the sum of four templates: photon
conversions, fake electrons from hadrons, charm and
beauty. This fit yields a beauty fraction of (42.9±0.4)%
[(38±14)%] for the total [diffractive] event sample. The
second method uses the impact parameter of the elec-
tron track, which is defined as the minimum distance
between the primary vertex and the electron track in
the r−φ plane and depends on both the mass and the
lifetime of the parent quark. A fit to the impact param-
eter distribution using four templates, as above, yields
(47.7± 0.4)% [(38± 14)%] for our two data samples.

The average of the results of both methods yields
73371 ± 485(stat) ± 7774(syst) [44.4 ± 10.2(stat) ±
4.7(syst)] beauty events for the total [diffractive] event
sample. The difference between the results of the two
methods is assigned as systematic uncertainty. After
subtracting the 24% non-diffractive background esti-
mated from the fit in Fig. 1(b), there remain 33 ±
10(stat)±5(syst) diffractive beauty events. Correcting
the diffractive event yield for single-vertex selection cut
efficiency (0.26± 0.01), and for the detector live-time
acceptance (0.77± 0.07) due to noise or beam associ-
ated background, we obtain 165± 50(stat)± 29(syst)
diffractive beauty events.

The diffractive to total b-quark production ratio ob-
tained from the above numbers is R

��� �
��� = [0.23 ±

0.07(stat)±0.05(syst)]%. The rapidity gap acceptance
for events generated using POMPYT Monte Carlo with
a flat pomeron structure, which is favored by HERA
measurements [4,5], and a gluon to quark ratio of
0.7±0.2, as reported in ref. 3, is found to be 0.37±0.02.
Dividing R

��� �
¯��� by this value yields a diffractive to total

production ratio of

R¯��� = [0.62± 0.19(stat)± 0.14(syst)]% (ξ < 0.1).

POMPYT with the standard pomeron flux and a
flat (hard) pomeron structure consisting of purely
gluons or quarks yields R¯��� of 10.4%(11.6%) and
0.92%(1.02%), respectively. The ratio D of the mea-
sured R¯��� fraction to that predicted by POMPYT de-
pends on the gluon fraction f � of the pomeron. This
dependence is shown in Fig. 2, where D is plotted as a
function of f � along with published results from ZEUS
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and CDF measurements [2,3]. For each measurement
the two curves show the 1σ bounds. The black cross
and shaded ellipse represent the best fit and 1σ con-
tour of a least square two-parameter fit to the three
CDF results. The fit yielded D � � � = 0.19 ± 0.04
and f

� � �
� = 0.54+0 � 16

−0 � 14, in agreement with the results
we obtained from the W and dijet rates, namely D =
0.18± 0.04 and f � = 0.7± 0.2 [2]. The value of D � � �
is significantly smaller than the ZEUS result. The dis-
crepancy between the HERA and Tevatron D-values
represents a breakdown of factorization. The observed
discrepancy is in general agreement with predictions
based on the renormalized pomeron flux model [6].

We also searched for diffractive J/ψ production in
a sample of central (|η| < 1.1) dimuons. For J/ψ
reconstruction we required a pair of opposite charge
muons with p  > 2 GeV/c and invariant mass close
to the J/ψ mass. The technique we used to extract
the diffractive signal is identical to that used in our
previous studies. Preliminary results of this analysis,
before correcting for the gap acceptance A, give a ratio
of diffractive to non-diffractive J/ψ production of

R � � � ×A = [0.36± 0.07]%.

In spite of the fact that all diffractive processes stu-
died at CDF are differently sensitive to the quark and
gluon content of the pomeron, the obtained ratios of
diffractive to non-diffractive production are all of the
same order of magnitude, ∼ 1%. This indicates that
the structure of the pomeron probed in single diffrac-
tion events is not very different from the structure of
the proton.
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Figure 1. (a) Beam-beam counter multiplicity, N � � � ,
versus forward calorimeter tower multiplicity, N � � � ;
(b) multiplicity distribution along the diagonal with
N � � � = N � � � in the plot in (a); (c) electron p  and
(d) pseudorapidity for the diffractive (points) and total
(histogram) event samples.
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We report the observation of charm final states produced by the diffractive dissociation reaction pp→ pX at a c.m. energy
of
√
s = 40 GeV. Signals are observed for the decay modes D∗+ → D0(K−π+)π+ and D∗− → D0(K+π−)π− . Our results

are based on analysis of data representing over 50% of the 5.5 billion events acquired by experiment E690 in the Fermilab
fixed target run of 1991.

1. Experiment

Experiment E690 was a fixed target experiment that
investigated diffractive pp interactions using an 800
GeV/c proton beam incident on a fixed liquid hydrogen
target. The E690 detector was made up of a beam
spectrometer system and a multi-particle spectrome-
ter. The beam spectrometer system consisted of two
separate spectrometers– an incoming beam spectrom-
eter which detected the incident beam proton and an
outgoing beam spectrometer which measured the for-
ward or scattered beam proton. Together they al-
lowed measurement of the momentum difference be-
tween the beam proton and the fast, outgoing proton.
The multi-particle spectrometer, on the other hand,
which was made up of 6 drift chambers, a time-of-flight
(TOF) system and a Cerenkov counter for particle
identification, measured the particles produced by the
interaction of the beam proton in the LH2 target.

During the run, events were written to tape when
they met the following requirements:

1. An incident beam proton in the incoming beam
spectrometer.

2. A fast proton in the outgoing beam spectrometer.

3. At least one extra charged track in the main spec-
trometer.

By the end of the fixed target run in 1991, E690 had
acquired about 5.5 billion events meeting these require-
ments. The number of events used for this analysis was
about 2.8 billion events, representing over half of the
entire data sample.

2. Charm selection

In the search for diffractive charm, the charm decay
mode D∗ → D0(Kπ)π was used due to its low Q value
(where Q = M(Kππ) −M(Kπ) −M(π)) which pro-
vided a valuable signature for reducing combinatorial
backgrounds. The following criteria were used to select
charm candidates from the E690 data sample:

1. At least 3 tracks with the appropriate charges to
form a Kππ invariant mass combination.

2. Track assigned as the K from the D0 decay must
have Cerenkov identification consistent with aK.

3. Track assigned as the π from the D0 decay must
have Cerenkov identification consistent with a π.

4. 1.810 GeV/c2 < M(Kππ) < 2.210 GeV/c2.

5. |Q− .00583 GeV/c2| < .0005 GeV/c2.

6. Only for the D∗+: TOF identification for slow π
from the D∗ decay consistent with a π.

3. Results

Applying all of these cuts to the 2.8 billion events
used for this analysis resulted in 446 events for the
D∗+ and 4,916 events (without the TOF requirement
for the slow π) for the the D∗−. Fitting a Gaussian
plus a linear background to the invariant Kππ mass
distributions of the events meeting these requirements
provided an estimate of 45 events for the D∗+ and 157
events for the D∗−. To select diffractive events, the
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Figure 1. Invariant Kππ mass distributions for D∗+ and D∗− events meeting the coherence condition, x � > 0.85,
fitted to a Gaussian plus a linear background

coherence condition [1] was imposed requiring the x �
of the fast, outgoing proton to be greater than 0.85.
With this additonal requirement, fits to the Kππ mass
distributions shown in Figure 1 yielded 39 events for
the D∗+ and 143 events for the D∗−. A plot of the
rapidity y (where y = 1

2 ln(
�

+ � L� − � L )) is shown in Figure 2

for the D∗+, the scattered proton, and the Y system
where Y represents all the particles in the X system
excluding the D∗ in a single diffractive reaction of the
type pp → p ��� � � X(D∗Y ). This plot shows a rapidity
gap of nearly 5 units between the D∗ and the fast,
outgoing proton p ��� � � which is characteristic of a single
diffractive interaction.

4. Conclusion

In conclusion, after analyzing over half of the entire
E690 data sample, we observe signals of 39 events in
the D∗+ → D0(K−π+)π+ channel and 143 events in
the D∗− → D0(K+π−)π− channel meeting the coher-
ence condition of x � > 0.85 for the fast, outgoing
proton. To our knowledge this is the first observa-
tion of open charm production in single diffractive pp
interactions. A search conducted by a previous exper-
iment, FNAL E653, found no evidence for diffractively
produced charm in p− Si interactions [2] resulting in
an upper limit of σ � � ��� (cc) < 26 µb for p − Si. If we
assume that the dependence of the cross section σ on
the atomic weight A goes like σ ∝ A2 � 3, this upper
limit translates to σ � � ��� (cc) < 2.8 µb in the case of pp
interactions at 800 GeV/c. Preliminary cross section
estimates based on the E690 results using some crude
assumptions and models yielded figures consistent with
this upper limit.
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Figure 2. Rapidity plot of the D∗, Y system, and p ��� � �
for D∗+ → D0(K−π+)π+ events
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Cost of Survival for Large Rapidity Gaps
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In this note we report on calculations of the survival probability of the large rapidity gap (LRG) processes and its energy
behaviour.

1. INTRODUCTION

In this note we consider the reaction

p+ p −→ (1)

X1 +jet1(y1, p1
� � � µ)+[LRG]+jet2(p2

� � � µ)+X2 ,

where LRG denotes the large rapidity gap between
produced particles and X corresponds to a system of
hadrons with masses much smaller than the total en-
ergy.

The story of LRG processes started from Refs. [1–
3], where it was noticed that these processes give us
a unique way to measure high energy asymptotic at
short distances. Indeed, at first sight the experimental
observable

f ��� � =
σ( dijet production with LRG )

σ � 	 � � � � ��� � ( dijet production )
(2)

is directly related to the so called “hard” Pomeron
exchange. However, this is not the case and the factor
( survival probability 〈| S |2〉 appears between the
“hard” Pomeron exchange and the experimental ob-
servable.

fgap=                  = <S2>σ(LRG)
σ(INCL)

Actually, this factor 〈| S |2〉 is a product of two
survival probabilities

〈| S |2〉 = (3)

〈| S � � � � � � � � � ��� � 	 � (∆y = |y1−y2| |2〉×〈| S � � � � � � ��� � � (s) |
2〉

which have different meanings.

1. 〈| S � � � � � � � � � ��� � 	 � |
2〉 is probability that the LRG

will not be filled by emission of bremsstrahlung
gluons from partons, taking part in the “hard”
interaction ( see fig 1-a). This factor is certainly
important and has been calculated in pQCD in
Refs. [4,5,10]. We are not going to discuss it
here;

2. 〈| S � � � � � � ��� � | |
2〉 is related to probability that ev-

ery parton with x � > x1 will have no inelastic
interaction with any parton with x < x2 ( see
fig. 1-b). The situation with our knowledge of
this survival probability is the main goal of this
paper.

2. Q & A

Q: Have we developed a theory for 〈| S � � � � � � ���
� � |
2〉 ?

A: No, there are only models on the market (see
Refs. [6–10]).

Q: Can we give a reliable estimates for the value of
〈| S � � � � � � ���
� |

2〉 ?
A: No, we have only rough estimates based on the

Eikonal - type models.
Q: Can we give a reliable estimates for the energy

behaviour of 〈| S � � � � � � ���
� |
2〉 ?

A: No, but we understood that 〈| S � � � � � � ��� � |
2〉 could

steeply decreases with energy.
Q: Why are you talking about 〈| S � � � � � � ���
� |

2〉 if you
can do nothing ?

A: Because dealing with models we learned what
questions we should ask experimentalists to improve
our estimate and what problems we need to solve the-
oretically to provide reliable estimates.

3. EIKONAL-TYPE MODELS

3.1. Eikonal model
In eikonal model we assumed that the correct degrees

of freedom at high energies are hadrons, and, there-
fore, the scattering amplitude is diagonal in the hadron
basis. Practically, it means [6] that we assume that
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Figure 1. Two sources of survival probability: (a) emis-
sion of gluons from the partons taking parts in “hard”
interaction and (b) emission due to “soft” interaction
of spectator quarks ( partons ).

the ratio σ � � /σ � � ‘ � 1. In this model the unitarity
constraint looks simple, namely,

Ima � � (s, b) =| a � � (s, b) |2 +G � 	 (s, b) , (4)

which has solution in terms of arbitrary real function
- opacity Ω(s, b):

a � � = i
[

1 − e−
Ω(s,b)

2

]
; (5)

G � 	 (s, b) = 1− e−Ω( � � � ) ; (6)

Ω(s, b) = ν(s) e
− b2

R2(s) ; (7)

where Eq. (7) is Pomeron-like parameterization that
has been used for numerical estimates. The formula

 ν

 a

3%

 5%

7%

10%

13%

( W = 1800 GeV )

( W = 546 GeV )

Figure 2. Survival probability in the eikonal model.

for survival probability looks as [3] [6]

<| S |2>=

∫
d2be

− b2

R2
H e−Ω( � � � )

∫
d2be

− b2

R2
H

(8)

where R2� is radius for the hard processes. In Ref. [6]
the values of R2� and R2(s) were discussed in details.
The main observation is that the experimental value of
the ration σ

� �
/σ ��� � depends only on the value of ν. This

gives us a way to find the value of ν directly from the
experimental data. The result is plotted in Fig.2 and
shows both the small value of the survival probability
and its sharp energy dependence.

3.2. Three channel model.
The assumption that σ � � /σ � � ‘ � 1 is in contra-

diction with the experimental data, therefore, it is
interesting to generalize the eikonal model to include
processes of the diffractive dissociation. It was done
in Ref.[7], where the rich diffractive final state was de-
scribed by one wave function orthogonal to the hadron

Ψ � � � � �
	 = αΨ1 + βΨ2 ; Ψ � = −βΨ1 + αΨ2 , (9)

where α2 + β2 = 1. The scattering amplitude is diag-
onal with respect functions Ψ1

�
2 and we used Eq. (5)-

Eq. (7) -type parameterization to describe it. The
result of our calculation is given in Fig.3.
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4. CONCLUSIONS

The experimentally observed value of the survival
probability appear naturally in these two models.

The parameters that have been used are in agree-
ment with the more detailed fit of the experimental
data.

It turns out that the scale of 〈| S � � � � � � ���
� |
2〉 is given

by ratios R � � =
�
el�
tot

, R � � =
�
SD�
tot

and R � � =�
DD�
tot

, but not the ratio R � =
�
el + �

SD + �
DD�

tot
,

which does not show any energy dependence.
The further measurement all ratios mentioned above

will specify the model and will provide a better predic-
tions for the survival probability. For example, new
data on R � � [11] will specify the value of β which will
lead to more definite predictions for 〈| S � � � � � � ��� � |

2〉
(see Fig. 3).
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Figure 3. The value of survival probability (Fig.3-a),
its energy dependence (Fig.3-b) and prediction for the
ratio of double diffraction dissociation to the total cross
section (Fig.3-c) versus β.
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Is BFKL ruled out by the Tevatron Gaps between Jets Data?
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We have performed a detailed phenomenological investigation of the hard colour singlet exchange process observed at the
Tevatron in events that have a large rapidity gap between outgoing jets. We include the effects of multiple interactions to
obtain a prediction for the gap survival factor. Comparing the data on the fraction of gap events with the prediction from
BFKL pomeron exchange we find agreement provided that a constant value of αs is used in the BFKL calculation. Moreover,
the value of αs is in line with that extracted from measurements made at HERA.

1. Introduction

Events with large rapidity gaps in the hadronic final
state and a large momentum transfer across the gap,
characterized by the presence of a hard jet on each side
of the gap, have been observed in both pp̄ collisions
at the Tevatron [1–4] and in γp collisions at HERA
[5,6]. Such events are unexpected in standard Regge
phenomenology since the cross section is predicted to
fall as ∼ s− � | � |, where α ' 0.25 GeV−2, whilst events
with |t| > 1000 GeV2 are routinely observed at the
Tevatron. Clearly some other explanation must be
sought. Uniquely in diffractive physics, high-t events
are amenable to the use of perturbative QCD since
the gap producing mechanism is squeezed to small
distances [7]. Such calculations have been carried out
within the leading logarithmic approximation of BFKL
[8] by Mueller and Tang [9], and it is the aim of this
talk to present comparisons of these calculations with
the latest data from the Tevatron. The situation is
greatly complicated by the possibility that rapidity
gaps formed by whatever process can be destroyed
by multiple interactions between spectator partons in
the colliding hadrons. Detailed comparisons made and
conclusions drawn from any dynamic model of high-t
rapidity gap formation must therefore include a careful
treatment of such physics. In this analysis, we use a
model implemented in the PYTHIA Monte Carlo gen-
erator to simulate the effects of multi-parton interac-
tions.

2. DØ data versus the BFKL pomeron

The analysis presented here was stimulated to some
extent by the recent DØ measurements [2] of the frac-
tion of dijet events containing a large rapidity gap as a
function of E  2, the E  of the second hardest jet, and
the rapidity difference between the two leading jets,
∆η. The DØ results are shown in figure 1. Jets are
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Figure 1. DØ data compared with a BFKL calculation.
Plot from [2].

found using a cone algorithm [10,11] with cone radius
0.7 and the OVLIM parameter set to 0.5. The inclusive
dijet sample is defined by the following cuts:

• |η1|, |η2| > 1.9, i.e. jets are forward or backward

• η1η2 < 0, i.e. opposite side jets

• E  2 > 15 GeV

• ∆η > 4, i.e. jets are far apart in rapidity.

The sub-sample of gap events is obtained by employing
the further cut that there be no particles emitted in
the central region |η| < 1 with energy greater than
300 MeV. The BFKL curve is clearly ruled out by
the data. The DØ BFKL curves are based on the
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calculation of Mueller and Tang implemented into the
standard HERWIG 5.9 release [12,22]. In particular, the
asymptotic cross-section of [9] is used; in the limit
y ≡ ∆η � 1,

dσ(qq → qq)

dt
≈ (C � α � )

4 2π3

t2
exp(2ω0y)

(7α � C
� ζ(3)y)3

(1)

where ω0 = ω(0) = C � (4 ln 2/π)α � . The α4

� in the
pre-factor runs with −t according to the two-loop beta
function, ω0 = 0.3 and the α � in the denominator =
0.25. The falling of the BFKL curve with increasing
E  2 is driven by the running of the coupling in the
pre-factor since the gap fraction goes like ∼ α4

� /α
2

� .

3. Key issues

In this analysis, we choose somewhat different pa-
rameters. We also use the full Mueller Tang calcula-
tion without the asymptotic approximation. This is
also available in HERWIG 5.9 [23] and is available from
the authors. We choose to fix α � = 0.17. To leading
logarithmic accuracy α � is simply an unknown param-
eter. Higher order corrections will indeed cause the
coupling to run, however it is not clear how this should
be done in a consistent way. In this paper we restrict
ourselves to the leading logarithmic approximation and
treat the coupling as a free parameter. Moreover, we
are guided by recent HERA data on the double dis-
sociation process [13] which can be described by the
leading logarithmic BFKL formalism with α � = 0.17.
We also note that a fixed coupling constant was needed
in order to explain the high-t data on pp̄ elastic scatter-
ing via three gluon exchange [14]. Furthermore, NLO
corrections suggest a fixed value for the leading eigen-
value of the BFKL equation, ω(0), [15] which in turn
suggests the use of a fixed coupling in the LLA kernel.

4. Underlying events and gap survival

As mentioned above, it is critical in any estimate of
gap formation rates to take into account the possibil-
ity that gaps can be destroyed by secondary scatters,
which may be perturbative or non-perturbative, be-
tween spectator partons in the colliding hadrons. Sev-
eral models are available [16–18], but it would be fair
to say that all are as yet in a early stage of development
and are not tuned to pp̄ data. We choose the model
as implemented in PYTHIA 6.127 [17]. Here the prob-
ability to have several parton-parton interactions in
the same collision is modeled using perturbative QCD.
The probability for additional interactions is not fixed
but varies according to an impact-parameter picture,
where central collisions are more likely to have multiple
interactions. The partons in the proton are assumed

pythia mi0

herwig nlo αs

pythia mi4

bfkl fixed αs

Jet δη

1/
N

 d
E

T
2/

dδ
η(

G
eV

)

1

10

-3 -2 -1 0 1 2 3

Figure 2. Jet η profiles

to be distributed according to a double-Gaussian as
described in [19,17]. There are several parameters
in this model and we have used the default setting
for each.∗ Our strategy is to generate high-t photon
exchange events (hard BFKL pomeron exchange has
not been implemented in PYTHIA ) with and without
multiple interactions, and take the percentage change
in the number of rapidity gap events, defined as in the
DØ analysis, as the gap survival factor. We find that
gap survival in this model is to first order independent
of E

��� � and ∆η, i.e. it can be treated as a multiplicative
factor. The gap survival factor S does vary strongly
with centre of mass energy, which is not unexpected
since the number density of partons in the colliding
hadrons, and therefore the probability of having a sec-
ondary scatter, increases with energy. In summary, we
find S(1800 GeV) = 22%, S(630 GeV) = 35%. Full
details can be found in [20].

A key point to notice is the interplay between gap
survival and underlying event : multiple interactions
also give rise to the so-called jet pedestal and underly-
ing event effects. This means that the jets measured in
hadron-hadron collisions cannot be compared directly
to e.g. predictions from fixed order perturbation the-
ory. In Figure 2 we show jet profiles obtained from
PYTHIA with (mi4) and without (mi0) multiple inter-

∗Setting the switch MSTP(82)=4 in PYTHIA , with everything else
default, will give the model as we have used it.
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actions (and with |δφ| < 0.7). The proton remnant
is at δη > 0. It is clear that multiple interactions
introduce a jet pedestal of more than 1 GeV of E 
per unit rapidity. For comparison, also shown is the
jet pedestal from HERWIG . We note that HERWIG

predicts a greater amount of energy outside the jet cone
than PYTHIA without multiple interactions. Again, a
full discussion of these differences can be found in [20].

In the DØ jet measurements the excess E  from the
underlying event is taken into account by correcting
the jet E  using minimum bias data. In particular,
the correction is determined by looking at the E  flow
in regions away from the jets. The correction is made
by subtracting approximately 1 GeV from the E  of
each reconstructed jet [21]. In particular, in the gap
fraction measurement, this subtraction is performed
for all jets, including those in gap events. But, re-
quiring a large rapidity gap also selects events without
multiple interactions, where the jet pedestal is absent,
or at least much smaller; multiple interactions destroy
gaps, and therefore a gap event cannot have a multiple
interaction. Since jet cross sections fall faster than
1/E4 , such a correction can decrease the measured jet
rate by up to 30% for 18 GeV jets. Our contention
therefore is that the jets in gap events should not be
corrected for underlying event, and therefore the gap
fraction should rise less steeply with E  than in figure
1.

5. Gap fractions

Figures 3 and 4 show our results for the gap fractions
as functions of ∆η and E  2 respectively. The stars are
the HERWIG BFKL simulation with fixed α � = 0.17,
with 1 GeV subtracted from each jet in order to
simulate the DØ underlying event correction and the
open circles are the DØ data. The gap fractions are
constructed using a standard PYTHIA QCD simulation
without colour singlet exchange, and without multi-
ple interactions. We have used both CTEQ2M and
CTEQ3M parton distribution functions [24,25], and
have found the differences to be small. Our philosophy
is that the DØ data have been corrected for the effects
of multiple interactions in non-singlet exchange events,
and we should therefore generate none, whereas we
must undo the erroneous correction to the colour sin-
glet sample. The combination of fixing α � and correct-
ing the gap events erroneously for multiple interactions
produces the rise of the gap fraction at low jet E  . The
solid circles show the gap fraction using a running α �
in the BFKL sample. Even with the underlying event
correction, this sample is unable to fit the data. The
overall normalisation of the simulated gap fractions is
multiplied by a factor of 0.6. That this is a reasonable
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Figure 3. Gap fraction as a function of ∆η compared
to the DØ data

thing to do can be appreciated once it is realized that
our results have not been fitted to the data and that the
overall normalization is acutely sensitive to the magni-
tude of α � . Furthermore, the overall normalization of
the BFKL cross-section is uncertain since, within the
leading logarithmic approximation, one does not know
a priori the scale at which to evaluate the leading log-
arithms. Given these points, we conclude that the DØ
data are in agreement with the leading order BFKL
result. Figure 5 shows our result for the gap fraction as
a function of ∆η ≡ 2η∗ compared to the CDF data [4].
Note that CDF do not attempt to correct their jets to
include the effect of an underlying event. We therefore
generate the PYTHIA non-singlet sample with multiple
interactions (labelled mi4), and do not perform the 1
GeV / jet subtraction from the HERWIG BFKL sample.
In this plot, our theory points are obtained using a
renormalization factor of unity (compared to 0.6 in the
DØ case). We then find reasonable agreement with
the data except at the larger values of η∗ where we are
quite unable to explain a fall in the η∗ distribution.
Recall however that DØ do not see a fall at large ∆η.
Further clarification of the situation will require an
increase in statistics.

We have also computed the ratio of the gap frac-
tions at 630 GeV and 1800 GeV. We find that, even
including gap survival effects, R(630/1800)∼ 1 at the
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Figure 4. Gap fraction as a function of E  2 compared
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parton level. When hadronization effects are taken
into account, however, we find that the ratio rises sig-
nificantly to ∼ 3, with a strong dependence on ∆η.
DØ find R(630/1800) = 3.4 ± 1.2 [2], and CDF find
R(630/1800) = 2.4 ± 0.9. In the DØ case the effect
may be attributed to the different parton x ranges of
the 630 GeV and 1800 GeV measurements (although
we note that the CDF result is calculated at fixed
x). The restriction x < 1 forces the gap and non-gap
cross-sections to fall to zero at some maximum ∆η,
∆ηmax. Now, the colour connection that exists be-
tween the jets in the non-gap sample drags the jets
closer together in rapidity. This has a small effect away
from ∆ηmax (since the ∆η spectrum is roughly flat)
however as ∆η → ∆ηmax it leads to a more rapid van-
ishing of the non-gap cross-section than occurs in the
gap cross-section. This effect, combined with the fact
that ∆ηmax(630 GeV) < ∆ηmax(1800 GeV), leads to
an enhancement of the measured 630 GeV gap fraction
at large ∆η at the hadron level, and hence the larger
value of R(630/1800).

6. Conclusions and future possibilities

We have explicitly demonstrated that the Tevatron
data on the gaps-between-jets process at both 630 GeV
and 1800 GeV are in broad agreement with the predic-
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Figure 5. Gap fraction compared to the CDF data

tions obtained using the leading order BFKL formal-
ism. However, we are not able to explain the behaviour
of the CDF gap fraction at large ∆η. Agreement is
obtained using the same fixed value of α � = 0.17 as
was used to explain the recent HERA data on high-t
double diffraction dissociation.

Care must be taken in the interpretation of our find-
ings, however. The BFKL formalism itself suffers from
being evaluated only to leading logarithmic accuracy.
The uncertainties of the overall normalization which
follow will not be removed until an understanding of
BFKL dynamics at non-zero t beyond the leading log-
arithmic approximation in achieved.

An understanding of the effects of underlying event
and its impact on gap survival is crucial to the inter-
pretation of the gaps between jets data, and indeed
diffractive data as a whole.

As pointed out in [9,20], the gap fraction defined in
terms of a region void of hadronic activity is not strictly
infrared safe. A better observable would be to define a
gap to be a region that does not contain any jets with
transverse momenta above some perturbatively large
scale. Work along these lines has also been performed
in [26].

One major disadvantage of the gaps between jets
process arises from the need to measure both jets since
this limits the reach in rapidity. In [27], it was sug-
gested to focus instead on the double dissociation sam-
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ple (the gaps between jets events form a subsample
of this generally much larger sample). By dropping
the requirement to observe jets one not only gains in
rapidity reach and statistics but also from the reduced
systematics associated with this more inclusive observ-
able.
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Rapidity gap events are conventionally defined by requiring no particle production in a gap region. In the case of dijet
events, the distribution of energy, Egap, that flows into the interjet region is calculable in perturbative QCD nearly down to
Egap = 0, and sheds light on the role of color exchange in hard scattering. Distributions are calculable for Egap as a function
of scattering angle, momentum transfer and gap width. The concept of a hard color singlet exchange is clarified.

1. GAPS AND COLOR FLOW

A compelling heuristic principle suggests that the
exchange of gluons in a color singlet state produces
little radiation even when the scattering produces jets
at high p  [1]. The correspondence has such currency
that dijet gap events are routinely termed “color singlet
exchange”. This insight, however, has been difficult to
implement in perturbative terms. After all, gluons of
any energy carry octet color charge, so that there is
no unique way of defining color exchange in a finite
amount of time [2]. On the other hand, it takes a very
short time to radiate a hard gluon, and once radiated,
it cannot be reabsorbed on the basis of soft color rear-
rangements at very long times.

1.1. Two-gluon vs. Soft Color Models
The simplest short-distance model for dijet gaps

is based on two-gluon exchange [1]. In a two-gluon
model, the gap is usually filled by spectator interac-
tions, up to a “survival probability”, P � , which may
be estimated [1,3] from low-p  diffractive scattering to
be of order one tenth. Denoting the probability for
hard color-singlet exchange as f1, the fraction of gap
events becomes

fgap = f1 P � . (1)

If we estimate f1 ∼ O(α � (p  )/π) ∼ 0.1, we predict gap
events at the one percent level, and this is what is seen
experimentally [4–7]. This analysis would lead us to
expect more gap events from gluon-gluon than quark-
quark scattering, because of the larger color factors
in exchange graphs between gluons. This expectation
was tested by comparing 630 and 1800 GeV data from
the Tevatron, because at fixed p  the role of gluon-
gluon scattering increases with the overall center-of-
mass energy. The proportion of gap events, however,
decreased, rather than increased, with the energy.

In the soft color approach [8], normally presented as
an alternative to the two-gluon model, the underlying
hard scattering is treated at lowest order, which for gap

events is primarily single-gluon, color octet exchange.
The gap probability is determined by counting possible
color exchanges, assuming all to be equally likely, up
to an overall survival factor (rather larger than 1/10).
Because gluons have more color states than quarks,
they are correspondingly less likely to produce gap
events. The soft color model then naturally leads to
fewer gap events as the energy, and hence the role of
gluons, increases.

1.2. Energy Flow
A third approach is a perturbative QCD formal-

ism for rapidity gaps, made possible by redefining
gaps in terms of an energy flow, Egap, rather than
particle multiplicity [9]. The resulting cross sections
can be treated via standard factorization theorems.
In this formulation, if Egap � ΛQCD the cross sec-
tion is perturbatively calculable. In addition, when
p  � Egap � ΛQCD, the gap cross sections have two
perturbative scales, and logarithms in their ratio can
be resummed by renormalization group methods.

Resummation in ln(Egap/p  ) allows us to probe
color flow at short distances, and to generalize the
concept of hard color singlet exchange.

The dijet cross section at measured Egap � ΛQCD

falls into the class of inclusive jet cross sections that
can be written in factorized form:

dσ

dEgap d cos θ̂
(∆y) =

∑

� A
� � B

φ � A � � ⊗ φ � B � ¯�

⊗
∑

� C
� � D

dσ̂(f)

dEgap d cos θ̂
(∆y) , (2)

with the φ � � � parton distributions, evaluated at the
scale of the dijet momentum transfer. The partonic
cross section dσ̂(f)/dEgap d cos θ̂ is a hard scattering
function, starting with the Born cross section at lowest
order (cf. the soft color model). The index f denotes
the partonic hard scattering f � + f � → f � + f � .
The cross section depends on the dijet pair rapid-
ity y � � , the partonic center-of-mass (c.m.) energy
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squared ŝ, the partonic c.m. scattering angle θ̂, with

− ˆ�
2

(
1− cos θ̂

)
= t̂, and ∆y, the gap size as a rapidity

interval.

2. INTERJET ENERGY DISTRIBUTION

To leading logarithm in Egap/
√
−t̂, the gap energy

dependence is of the form

dσ̂(f)

dEgap d cos θ̂
(∆y) =

∑
� �

σ̃ � � (θ̂)

× E
� �

Egap

[
ln

(
Egap

Λ

)] �
γβ−1

[
ln

(√
−t̂
Λ

)]− � γβ
. (3)

In this expression, β and γ label the color exchange at
short distances, contained in σ̄, in a color tensor basis
that diagonalizes a perturbative anomalous dimension
matrix. The exponents E � � are given in terms of the

eigenvalues, λ � = (α � /π)λ
(1)� , of this matrix by

E � �
(
θ̂,∆y

)
=

2

β0

[
λ(1)∗

� ,+λ̂
(1)�
]
, (4)

with β0 = 11N � /3 − 2n � /3. The color exchange with
smallest eigenvalue thus dominates the behavior of the
cross section in the limit Egap/p  → 0.

The concept of a dominant eigenvalue generalizes
conventional hard singlet exchange, because the eigen-
vectors of the anomalous dimension matrix are linear
combinations of elements in the basis of t-channel color
transfers. The coefficients depend, in general, on the
jet scattering angle. Eq. (3) thus leads to a detailed
set of predictions for dijet data with measured interjet
energy flow.

Explicit anomalous dimension eigenvalues λ � for
quark and gluon processes may be found in Ref. [10].
The overlap of the dominant eigenvector with hard
color singlet exchange grows in the direction of for-
ward scattering for all partonic processes, so that in
the Regge limit, −t̂/ŝ → 0, t̂ fixed, the dominant
color exchange becomes purely color singlet [11]. In
addition, the eigenvalues for gluon-gluon scattering are
larger than those for processes involving quarks. This
makes it harder for gluon-gluon hard scattering to pro-
duce rapidity gaps, for much the same reasons as in
the soft color model: the size of the eigenvalue λ � is
related to the number of color states available. At low
interjet energy, however, the smallest eigenvalue for
quark-antiquark scattering is actually less than unity
in absolute value, and produces a small upturn in the
interjet energy distribution in predictions based on Eq.
(3) [9]. This is the “hard singlet exchange” observed
by CDF and D0 [4,5]. Gap events defined by vanishing
particle multiplicity in the interjet region are counted

in this excess. The perturbative predictions for such
events must be diluted, as usual, by corrections as-
sociated with spectator interactions, which, according
to the factorization formalism, are suppressed only by
powers of ΛQCD/Egap, and which therefore become
important for small Egap. We have in Eqs. (2)-(4),
however, a set of predictions for the full range of Egap.

3. SUMMARY

Energy flow analysis makes possible a quantitative
study of radiation in interjet regions, and gives a per-
turbative meaning to short-distance color exchange,
generalizing both the two-gluon and soft color models.
On the basis of this analysis, gaps in dijet events come
from a compound structure, predominantly, but not
purely, singlet in the hard scattering [9,10]. Many
qualitative results, including the relative suppression
of dijet gaps for gluon-gluon scattering, are consistent
with the successes of the soft color model. The per-
turbative analysis offers a systematic set of differential
predictions for energy flow, as a function of momentum
transfer, flavor and interjet rapidity interval.
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We show that soft color rearrangement of final states can account for the appearance of rapidity gaps between jets. In the
color evaporation model the probability to form a gap is simply determined by the color multiplicity of the final state. This
model has no free parameters and reproduces all data obtained by the ZEUS, H1, DØ, and CDF collaborations.

1. Introduction

The inclusion of soft color interactions between the
dynamical partons leads to a parameter–free calcula-
tion of the formation rate of rapidity gaps. The idea is
extremely simple. A rapidity gap occurs whenever final
state partons form color singlet clusters separated in
rapidity. As the partons propagate within the hadronic
medium, they exchange soft gluons which modify the
string configuration. The probability to form a rapid-
ity gap is then determined by the color multiplicity of
the final states formed by the dynamical partons, and
nothing else. All data obtained by ZEUS, H1, DØ,
and CDF collaborations are reproduced when this color
structure of the interactions is superimposed on the
usual perturbative QCD calculation for the production
of the hard jets. We pointed out [1] that this soft color
mechanism is identical to the color evaporation mech-
anism [2] for computing the production rates of heavy
quark pairs produced in color singlet onium states, like
J/ψ. Moreover, we also suggested that the soft color
model could provide a description for the production
of rapidity gaps in hadronic collisions [1].

The success of the color evaporation model to ex-
plain the data on quarkonium production is unques-
tionable [3]. We showed [5] that the straightforward
application of the color evaporation approach to the
string picture of QCD readily explains the formation of
rapidity gaps between jets at the Tevatron and HERA
colliders.

2. Color Counting Rules

In the color evaporation scheme for calculating
quarkonium production, it is assumed that all color
configurations of the quark pair occur with equal prob-
ability. We propose that the same color counting ap-
plies to the final state partons in high E  jet produc-
tion. In complete analogy with quarkonium, the pro-

duction of high energy jets is a two–step process where
a pair of high E  partons is perturbatively produced at
a scale E  , and hadronize into jets at a scale of order
Λ � � � by stretching color strings between the partons
and spectators. The strings subsequently hadronize.
Rapidity gaps appear when a cluster of dynamical par-
tons, i.e. interacting partons or spectators, form a
color singlet. As before, the probability for forming
a color singlet cluster is inversely proportional to its
color multiplicity.

The soft color procedure is obvious in a specific ex-
ample: let us calculate the gap formation probability
for the subprocesses pp̄ → Q

�
Q̄

�
→ QQ̄XY , where

Q
�

stands for u or d valence quark, and X (Y ) is
the diquark remnant of the proton (antiproton). The
final state is composed of the X (3⊗3) color spectator
system with rapidity η � = +∞, the Y (3̄ ⊗ 3̄) color
spectator system with η � = −∞, one 3 parton j1,
and one 3̄ parton j2. It is the basic assumption of
the soft color scheme that by the time these systems
hadronize, any color state is equally likely. One can
form a color singlet final state between X and j1 since
3⊗ 3⊗ 3 = 10⊕ 8⊕ 8⊕ 1, with probability 1/27.
Because of overall color conservation, once the system
X ⊗ j1 is in a color singlet, so is the system Y ⊗ j2.
Moreover, to form a rapidity gap these systems (j1⊗X
and j2⊗Y ) must not overlap in rapidity space. In this
configuration, the color strings linking the remnant and
the parton will not hadronize in the region between
the two jets. We have thus produced two jets sepa-
rated by a rapidity gap using the color counting rules
which form the basis of the color evaporation scheme
for calculating quarkonium production.

3. Rapidity Gaps at HERA

The differential cross section has two sources of
gap events: color evaporation gaps (dσ

��� �
� � � ) and back-

ground gaps (dσ
��� �
� � ). In our model, the gap cross sec-
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Figure 1. Frequency of events with rapidity gap be-
tween jets as a function of the gap size ∆η in γp colli-
sions, and as function of the jets transverse energy in
pp̄ collisions.

tion is the weighted sum over resolved events, dσ
��� �
� � � =∑

� F � dσ
�

� � � , with gap probability F � for the differ-
ent processes. Background gaps are formed when the
region of rapidity between the jets is devoid of hadrons
because of statistical fluctuation of ordinary soft parti-
cle production. Their rate should fall exponentially
as the rapidity separation ∆η between the jets in-
creases. We parametrize the background gap proba-
bility as F � � (∆η) = e

�
(2−∆ � ), where b is a constant.

The background gap cross section is then written as
dσ

��� �
� � = F � � (∆η)dσ

��� � � − dσ ��� �� � � ).

The gap frequency F
��� �

(∆η) = dσ
��� �

/dσ
��� � � is

shown in the figure, where we depict the contribu-
tions of the color evaporation mechanism and the back-

ground.

4. Rapidity Gaps at Tevatron

The color evaporation model prediction for the gap
production rates in pp̄ collisions is analogous to the one
in pγ interactions, with the obvious replacement of the
photon by the antiproton, represented as a 3̄⊗ 3̄⊗ 3̄
system.

The distributions presented by CDF are normalized
to unity on average. Therefore our predictions do not
exhibit any free parameter to be adjusted. In the figure
we compare our predictions with CDF results of the
gap fraction as a function of the jets transverse energy.
To compare with DØ results we assumed an ad-hoc
survival probability of 30%.

We can also compare the ratio R = F
��� �
630 /F

��� �
1800 with

the experimental result. DØ has measured this fraction
for jets with E  > 12 GeV for both energies, and they
found R = 3.4± 1.2; we predict R = 2.5± 0.5. On the
other hand, CDF measured this ratio using different
values for E

� � 	 at 630 GeV and 1800 GeV; they ob-
tained R = 2.0± 0.9 while we obtained R = 2.0± 0.4
for the same kinematical arrangement.

5. Conclusion

In summary, the occurrence of rapidity gaps between
hard jets can be understood by simply applying the
color evaporation scheme for calculating quarkonium
production to the conventional perturbative QCD cal-
culation of the production of hard jets. The agreement
between data and this model is impressive.
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1. Introduction

Rapidity gaps between jets are an ideal configuration
for searching for new-physics signatures [1]. They also
provide a clean environment for testing the dynamics
of perturbative QCD in Regge limit [2]. The large
rapidity difference between the jets together with the
transverse momentum of the two back-to-back pointing
jets ensure that the center of mass energy of the hard
process is much greater than its typical hard scale. In
literature, alternative calculations have been proposed
for such processes including the approximation of the
n-gluon exchange by a BFKL pomeron [2,3] and soft
color recombination (evaporation) [4,5]. Both models
predict different dependences of the rapidity gap event
fraction on the width of the rapidity gap and on the
jet transverse momentum.

In this paper we shall calculate the experimentally
observable cross section for color singlet exchange be-
tween jets using a detailed Monte Carlo simulation
of both parton-parton interactions producing rapidity
gaps and non-perturbative processes giving rise to the
“underlying event”. We use the model Phojet [6,7]
which treats perturbative QCD effects such as hard
parton-parton scattering and parton showers as well as
non-perturbative effects like soft hadronic interactions.
This model is based on the Dual Parton Model [8] in
its two-component version [9].

2. Implementation of color evaporation model

To describe events with color singlet exchange be-
tween jets within the Phojet Monte Carlo, we imple-
ment a soft color reconnection (SCR) model [4,5,10].
The simplest hard q–q event, where SCR leads to a
rapidity gap between two jets is an event with just
one single hard valence–quark – valence–quark scat-
tering. In normal events in the Dual Parton Model we
get two color strings each being stretched between one
scattered quark and the diquark of the other hadron.
Large rapidity gaps are exponentially suppressed in
such events. However, SCR can cause a color transfer
due to the exchange of soft gluons resulting in a color
configuration where the strings connect the hard scat-

tered quark and the diquark of the same hadron. These
are events with might lead to hadronic final states with
a large rapidity gap between two jets. In Phojet, we
use the following probabilities of color singlet exchange
F � � : F � � : F ��� = 1/9 : 1/24 : 1/64 [4].

In most of the hard scattering events we have a
non-negligible contribution from the underlying event,
mainly resulting from spectator interactions. Thus,
even if a rapidity gap appears in one of the partonic
collisions, the gap might be filled by hadrons produced
in another parton-parton interaction. Furthermore,
hard parton radiation (initial and final state radiation)
can change the size of rapidity gaps considerably. Both
effects are simulated in our Monte Carlo calculation
which includes QCD parton showers and multiple soft
and hard interactions as implemented in PHOJET.
This means that the probability for the gap survival
[1] is calculated in detail.

3. Comparison to data

Both the D0 and CDF collaborations have published
data on dijet production with rapidity gaps [11–17]. In
the following we will concentrate on the D0 data [14].
Further comparisons of our calculations with data can
be found in [18–20].

D0 [14] uses at
√
s= 1800 GeV two different triggers.

With the high E⊥ trigger (we refer to this in short as
D0–h) they find opposite side (ηjet1 × ηjet2 < 0) dijets

with Ejet−2
⊥ > 30 GeV and |ηjet| > 2. The pseudora-

pidity gap is at |η| < 1.3. With this the fraction of
JgJ events is found to be RJgJ−D0−h = (JgJ)/(JJ) =
(0.94± 0.04(stat)± 0.12(syst)).

With the low E⊥ trigger (we refer to this in short
as D0–l) they find at

√
s = 1800 GeV opposite side

(ηjet1 × ηjet2 < 0) dijets with Ejet−2
⊥ > 12 GeV

and |ηjet| > 2. The pseudorapidity gap is at |η| <
1.3. With this the fraction of JgJ events is found
to be RJgJ−D0−l = (JgJ)/(JJ) = (0.54 ± 0.06(stat) ±
0.16(syst)). In Phojet we find with the D0 triggers
RJgJ−PHOJET−D0−h = 1.06% , RJgJ−PHOJET−D0−l =
0.45% . Here the background JgJ events with only an
accidental gap were subtracted. These Phojet results
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Figure 1. The change of RJgJ with the Ejet2
⊥ of he next

to leading jet. Data from the D0 Collaboration are
compared to the Phojet results obtained with SCR.

are fully consistent with the experimental data. The
same is found comparing to the 630 GeV data and to
the CDF data. The change of RJgJ with the Ejet2

⊥ of the
second leading jet was studied by the D0 Collaboration
[14]. A modest rise of the color singlet fraction with

Ejet2
⊥ was found. In Fig. 1 we compare the Phojet

results on RJgJ with these data. The Phojet pre-

dictions exhibit a Ejet2
⊥ dependence being compatible

with the data. The D0 Collaboration [14] also studied
for the D0–h and D0–l triggers the dependence of RJgJ

on ∆η = |ηjet1 − ηjet2|. For both triggers a slight rise
of RJgJ with ∆η was found which is well described
by the PHOJET simulations (not shown here). It is
important to notice that our calculation does not only
describe the rise of RJgJ with Ejet2

⊥ and ∆η , but also
reproduces the absolute sizes of RJgJ without free pa-
rameters.

We also compared the pseudorapidity distributions
of charged hadrons of events passing the D0–h and
D0–l triggers with and without gap. The remarkable
feature of this comparison is, that the opposite side
jet trigger without the gap requirement selects events
with much higher rapidity distribution (particle multi-
plicity) than typically found in minimum bias events.
We interpret this in the following way. With the jet
trigger events are selected with an exceptional large
number of soft and hard multiple interactions and par-
ton emissions.

4. Rapidity gap survival probability

The rapidity gap survival probability 〈|S|2〉 was orig-
inally defined by Bjorken [1]. In a series of recent pa-
pers, Gotsman, Levin and Maor [21–23] use a eikonal

model to calculate the energy dependence of 〈|S|2〉.
For example, they obtain in pp̄ collisions at 630 (1800)
GeV values of 16.3% (5.6 %) [22]. The eikonal model
used in Phojet is a two-channel model which differs
certainly from the one used by Gotsman et al., but the
gap survival probability as contained in the Phojet
Monte Carlo events is calculated in a rather analogous
way. We can use the JgJ events and JJ events obtained
from Phojet for given trigger conditions to give the
gap survival probability according to Phojet.

In the Phojet Monte Carlo we can subdivide the
hard scattering events into g–g, g–q and q–q scatter-
ings. We calculate (not shown here) for the D0–h and
D0–l triggers the fractions or weights W

�
� � for i = g–g,

g–q and q–q events for JJ events (without gap trigger),
W

�
� � � for JgJ events obtained with SCR and W

�
� � � � �

for background JgJ events (obtained without SCR).
We find, that q–q scattering dominates the JgJ events,
but g–q and g–g scattering contributes also.
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Figure 2. The gap survival probabilities 〈|S|2〉 � accord-
ing to Phojet given separately for i = g–g, g–q and
q–q events and for the D0–h and D0–l triggers.

Starting from the JJ and JgJ weightsW
�
��� and W

�
� � �

(i = g–g, g–q and q–q) and the SCR probabilities F �

we work out the gap survival probabilities according
to Phojet. We obtain the gap survival probabilities
as follows

〈|S|2〉 � =
W

�
� � �

W
�
� � F � . (1)

W
�
� � F � is the probability to have two jets correspond-

ing to the given trigger without gaps and furthermore
a gap between the two jets due to SCR. Most of the
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gaps are filled by soft or hard multiple interactions and
or parton showering, therefore W

�
� � � is considerably

smaller than W
�
��� F � . In Fig. 2 we plot for the D0–h

and D0–l triggers at
√
s = 1800 GeV the 〈|S|2〉 � ob-

tained. We find values larger than but roughly consis-
tent to the calculation by Gotsman et al. [22]. How-
ever, in contrast to the assumptions used in [1,22], we
find a slight dependence of the gap survival probability
on the trigger conditions resulting in a smaller 〈|S|2〉 �
for the D0–l trigger. Furthermore, we find 〈|S|2〉 � to
depend on the hard scattering process with 〈|S|2〉 � − �
larger than 〈|S|2〉 � − � and 〈|S|2〉 � − � .

5. Concluding remarks

The processes implemented in Phojet allow us to
study hard and soft diffraction in many channels. Here
we have been able to demonstrate, that the Phojet
model supplemented with the soft color recombination
mechanism describes remarkably well the data from
the TEVATRON on color singlet exchange between
jets. Besides of finding a good agreement with the D0
and CDF data we are able in addition to study many
features of the model, which would be useful to verify
in the experiments.

We hope that the Phojet tool and more TEVA-
TRON data in Run II on color singlet exchange and on
hard and soft single diffraction and central diffraction
could help to answer important questions: (i) Is soft
color recombination the correct mechanism to describe
color singlet exchange processes between jets? Could
this mechanism be responsible for other features of
diffractive processes as well? (ii) Can hard diffraction
consistently be described by pomeron structure func-
tions? What is the best pomeron structure function?
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Hard Color Coherent Phenomena
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We consider hard color coherent phenomena which can be probed at FNAL collider.

1. Introduction

During the last few years a number of hard color
coherent phenomena was discovered which can be le-
gitimately calculated in QCD: pion dissociation into
2 jets observed in [1] is consistent with predictions of
[2], HERA data for exclusive production of mesons in
DIS initiated by longitudinally polarized photons are
consistent with predictions of [3]. These processes al-
low both to study the interaction of small color dipoles
with hadrons at high energies and hence probe break
down of the DGLAP approximation as well as to study
hadron wave functions in the minimal Fock space con-
figurations.

2. Hard exclusive diffraction

2.1. Diffraction into three jets
It is possible that a nucleon (meson) has a significant

amplitude to be in a configuration where valence par-
tons are localized in a small transverse area together
with the rest of the partons. These configurations are
usually referred to as minimal Fock space configura-
tions - |3q〉 (|qq̄〉). Hadrons in such a configuration
occupy a small transverse area with a larger proba-
bility than in the case of non-minimal configurations,
because, e.g. the long range pion field is very weak.
Therefore, such initial configurations are expected to
interact with other hadrons, even at high energy, with
a small cross-section. However for the fixed transverse
size, b, this cross section is proportional to the gluon
density at Q2 ∼ 10/b2 and hence rapidly increases
with increase of energy. At sufficiently high energies
this growth should be tamed not to violate unitarity
constraints, for the recent discussion see [4].

In the case of the “elastic scattering” of such a pro-
ton configuration off another proton, this three-quark
system with large relative momenta should preferen-
tially diffractively dissociate into a system of three jets
with large transverse momenta p  � ∼ π b−1, where
b is the transverse size of the minimal configuration.
Kinematics of the process is presented at the lego plot
of Fig.1.

The production cross-section for the three jets can
be estimated to leading order in (α � lnM2

3
��� � ). As in

the case of diffractive vector meson production in deep
inelastic scattering, the cross-section is proportional
to the square of the gluon density in the nucleon at
x ≈ M2

3
��� � � /s, and virtuality ∼ p2 ��� � [5]. The dis-

tribution over the fractions of the momentum carried
by the jets is proportional to the square of the light
cone wave function of the |3q〉 configuration. Hence the
diffraction of a proton into three jets provides impor-
tant information about the short-distance quark struc-
ture of the proton, and also provides unique informa-
tion about the longitudinal momentum distribution in
the |3q〉 configuration. From an analysis of diffraction
data [5,6], numerical estimates for

√
s = 2 TeV lead to

a value of the cross-section integrated over everything
except a p  ��� � threshold for one jet,

σ3
��� � � ∼ (10−5 − 10−6)

(
5 GeV

p  ��� �

)8

mb. (1)

The probability of the |3q〉 configuration is estimated
using a phenomenological fit to the probability of con-
figurations of different interaction strengths in a nu-
cleon (cf. [5,6]).

Another interesting group of hard processes is pro-
ton diffraction into 2 high p  jets and one collinear
jet. These processes are dominated by parton con-
figurations when only 2 quarks in the projectile pro-
ton are close to each other, i.e., have large transverse
momenta. Such quark configurations are relevant for
estimates of proton decay rates. The wave function
describing such a configuration can be measured in the
double-diffraction process where each of the protons
fragments into 3 high p � jets: pp→ jet(k � )+jet(−k � −
q � ) + jet(q � ) + jet(l � ) + jet(−l � − r � ) + jet(r � ).

2.2. Tagged-pion diffraction dissociation
Reactions containing a very forward neutron or a

∆-isobar can be dominated by the scattering off the
pion cloud of the nucleon. In this way the proton beam
is effectively converted into a pion beam; the leading
baryon is effectively a pion tag. A necessary condition
that one-pion exchange dominates this process is that
the transverse momentum of the forward baryon be
small compared to 300 MeV and, in the case of the ∆,
that its x � exceed 0.9. The precise condition is
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Figure 1. LEGO plot for diffraction of proton into three jets

|t| = (
M2�

x � −m
2� )(1− x � ) +

k2
�

x � ≤ 0.1 GeV2. (2)

One must still deal with absorptive corrections due
to the simultaneous interactions of the projectile with
a nucleon and a pion. These are expected to be
corrections no larger than a factor two.

Two types of processes would be of special interest:

Pion diffraction into two jets:

In analogy with the process of nucleon diffraction
into three jets it is expected that a pion can dissociate
into two jets in the process π+p→ jet1 +jet2 +p [7,2]
(Fig. 2 ).

The cross-section for this process has a similar struc-
ture [2]: due to the rapid increase of the gluon den-
sity with energy one expects the cross-section for pion
diffraction into two jets to be much larger than in the
case of the fixed target experiment E791 at FNAL
which has just reported first evidence for this effect
[1].

Two → three hard reactions:

It is also interesting to study large |t| elastic scatter-
ing off the pion cloud in a number of reactions [8].

pp→ B(p  � ) + π(p  � ) + p(p  � ), (3)

for B = N,∆, x � (B) ≥ 0.9, p  � ∼ 0, and p  � ∼
−p  � � 1 GeV, which corresponds to the proton
elastic scattering off the pion cloud. Although the
flux of such pions in the proton is only ∼ 1%, at
large |t| ≈ p2 � the cross-section for elastic πp scat-
tering is expected to be substantially larger than the

cross-section for elastic pp scattering. ∗ Hence the
cross-sections for reaction (3) and elastic pp scattering
at |t| larger than 10 GeV2 should be comparable.

One may also consider elastic scattering of two pions
in processes like

pp→ B(p  � ) + π(p  � ) + π(p  � ′) +B′(p  � ′)
(4)

for B,B′ = N,∆, x � , x � ′ ≥ 0.9, p  � ∼ p  � ′ ∼ 0,
and p  � ∼ −p  � ′ � 1 GeV. Again the much slower
decrease of the ππ elastic scattering with |t| helps to
compensate the small probability of finding both nu-
cleons in configurations with pions.

Many generalizations of such processes can be esti-
mated. These include channels with strange particles
in the final state like

pp→ (ΛK+,Σ+K0) + p

as well as kinematics for which the transverse mo-
mentum of the proton is balanced by a baryon, not
a meson. Such processes are of interest, both for the
study of high-energy scattering and for the structure
of color correlations in hadrons, especially in relation
to the question of intrinsic strangeness in nucleons, see
e.g. [10]. Note that at sufficiently large |t|, where the
colliding-hadron configurations are sufficiently small
for the applicability of perturbative QCD, new factor-
ization relations are expected to be valid relating these
processes with analogous exclusive DIS processes.

3. Diffractive hard factorization

In difference from the case of deep inelastic scatter-
ing there is no reason for applicability of the factor-
∗The high-energy data on large |t| πp elastic scattering [9] are
consistent with this expectation.
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Figure 2. LEGO plot for the tagged 2 jet production

ization theorem for diffractive scattering. Hence it is
convenient to represent the measured cross-section as
a factorizing cross-section times a suppression factor:

σtrue = σfact(x � , x � � )× S(x � � , t, s). (5)

Estimates of the value of S typically give a value S ∼
1
10 .
S may actually be a slowly varying, but rather com-

plicated function of initial energy, x � � , t, and x � . For
example, one can expect that it will decrease with
an increase of σ ����� (pp) (stronger spectator effects), in-
crease with increasing |t| (selection of more weakly
interacting configurations in the intact nucleon [11]),
and increase as x � becomes large (due to a selection
of smaller size configurations in N) (N is the nucleon
which diffracted inelastically).

It would be also interesting to study diffraction to
inelastic low-mass final states B in the process:

p(p1) + p(p2)→ (jet1 + jet2 +X) +B (6)

which may select configurations with an interaction
strength rather different from the average one. Sev-
eral examples of interesting channels are the aforemen-
tioned B = nπ+, pπ+π− and ΛK+, each of which can
be studied as a function of p  of the produced jets for
fixed t ∼ 0. A hard factorization combined with Regge
factorization would lead to

σ(p(p1) + p(p2)→ (jet1 + jet2 +X) +B)

σ(p(p1) + p(p2)→ (jet1 + jet2 +X) + p)
=

σ(p(p1) + p(p2)→ p+B)

σ(p(p1) + p(p2)→ p+ p)
(7)

It is natural to expect that at least for large enough
p  this factorization would be broken, with the cross-
section of diffractive jet production in the inelastic
diffraction channel substantially enhanced compared
to the expectations of Eq. (7).
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Double Pomeron Physics in Run II
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A “normal” event at the Tevatron produces ∼ 0.3
hadron resonances per unit of ∆η × ∆φ. Hence in a
region of length ∆y, one expects ∼ 0.3 × 2π × ∆y of
them. Naively assuming no correlations, i.e., a Poisson
distribution in the number, leads to the probability
≈ e−2 � 0 ∆ �

of zero particles: a rapidity gap. A much
more sophisticated argument from Regge theory also
predicts the gap probability to be suppressed expo-
nentially, albeit with a smaller coefficient: σgap ≈
e2 ( � R−1) ∆ � ≈ e−1 � 0 ∆ �

based on the vector meson
Regge intercepts α � , α � near 0.5 .

But rapidity gap cross sections are actually not sup-
pressed exponentially in this way. Fitting the multi-
plicity distribution in a region > 2−3 units in rapidity,
using a smooth distribution such as negative binomial
or generalizations thereof, reveals an excess at zero
multiplicity which is the rapidity gap cross section.
The pomeron can be defined operationally as the thing
that makes rapidity gaps. We must keep our minds
open, however, to the possibility that there may be
more than one kind of pomeron — e.g., the classical
“soft” pomeron may be different from the pomeron
that operates when there is a large momentum trans-
fer t at one end of the gap; or when there is a large
momentum transfer p⊥ across the gap.

Roman pots that detect p or p̄ very close to the beam
directions can be used to study rapidity gaps according
to the kinematic relation

ξ = 1− x� =
∑√

p2
⊥ +m2 e

�
/
√
s .

For example if a p̄ is observed with a momentum frac-
tion x� = 0.98, no pions with p⊥ > 0.3 GeV can appear
at y > 4.7, so there is a gap > 2.8 between any such
pion and the leading proton which is at y = 7.5 . The
Roman pot method of observing gaps has several ad-
vantages: it allows us to study pure p̄ going in the beam
direction instead of an unknown mixture of p̄ and p̄∗; it
allows measurement of the momentum transfer squared
t; and if Roman pots can be placed both forward and
backward, important azimuthal angular correlations
between the forward and backward p and p̄ can be
observed. It will be important to see if final state
properties change with t (or tforward and tbackward). It
is also important to study how large the non-diffractive

contamination is for, say, x < 0.95. Perhaps one could
also get a handle on this by comparing forward pro-
tons with forward neutrons as HERA, using the Zeus
forward neutron detector.

Double pomeron exchange (DPE) will be studied in
Tevatron Run II in reactions of the form p p̄ → pX p̄.
A variety of centrally produced systems X are worthy
of study:

1. X = soft, inclusive: The fully differential cross
section is dσ/dt1 dt2 dy1 dy2, where t1, t2 are the
4-momentum transfers to the quasi-elastically
scattered p and p̄, and y1, y2 are the inside edges
of the gaps. This cross section is integrated over
t1 and t2 in the absence of Roman pots. The
measurement can be compared with predictions
based on measurements of single diffractive scat-
tering by assuming Regge factorization.

2. X = soft, exclusive: Low multiplicity fi-
nal states in DPE are a prime hunting ground
for glueball states, since X automatically has
isospin 0 and is made more-or-less from gluons
[1]. In this case, azimuthal correlations with the
quasi-elastic p and p̄ can be particularly signifi-
cant [2]. The absence of large p⊥ presents a chal-
lenge for triggering on these final states, but low
multiplicity and the presence of the gaps and/or
Roman pot triggers should make it possible.

3. X = hard, inclusive: Dijet production in DPE
[4] has already been measured in Run I; but Run
II offers, along with improved accuracy and the
push to higher jet p � , the possibility to study
the dependence on momentum transfers to the p
and p̄. It should also be possible to measure the
fraction of the jets that are bb̄.

4. X = hard, exclusive: It is possible that some
simple heavy quark systems can be produced
exclusively in DPE [3]. A promising candidate
to search for is the bb̄ state χ �

1(1P ), which has
a mass of 9.892 GeV. It decays with a 35%
branching ratio to γΥ(1S), with subsequent de-
cay Υ → `+`− with 10% branching ratio (` = e
or µ). This would have a remarkable signature:
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nothing but `+`−γ in the entire central detec-
tor. Although the rate will surely be small, the
transverse momenta of several GeV along with
the large quiet regions in the detector should be
sufficient to make triggering possible. Meanwhile
the large Q2 scale offers the hope of attempting
to calculate the cross section in pQCD. Depend-
ing on how the pomeron really works, exclusive
processes may turn out to be very strongly sup-
pressed by the condition that in spite of the large
Q2 scale, no extra soft gluons are radiated.

The quantum number selection rules for the pro-
duction of exclusive bb̄ states are as follows. The
pomeron is believed to have the same internal
quantum numbers as the vacuum, so the state
X produced by the “collision” of two pomerons
must have I = 0 and C = +. The pomeron is
an even-signature Regge trajectory, so it has spin
and parity J

�
= 0+, 2+, 4+, . . . ; but when two

of these are combined with the orbital angular
momentum of the collision, all J

�
values become

allowed for X . For the purposes of a DPE ex-
periment, χ �

1(1P ) (m = 9.892, J � �

= 1++)
and χ �

2(1P ) (m = 9.913, J � �

= 2++) are the
most promising because of their large (35%, 22%)
branching ratios into γΥ(1S). As a control ex-
periment, the states Υ(1S) and Υ(2S) should
not be produced in DPE, because they have odd
charge conjugation.

One could also look for ΥΥ or ψψ exclusive
states, or even γψ [5], in DPE.

Finally, an important experimental problem to be
addressed is how to study gap physics in the presence
of multiple pp̄ collisions at the higher luminosity of
Run II. Presumably the main tool will be to make
use of scheduled or unscheduled running in which the
luminosity is not in fact very high. For jet physics, the
Roman pot method permits gap studies even when the
gap cannot be observed directly because it is filled in
by multiple interactions.

At the LHC, very high luminosity will make conven-
tional rapidity gap physics impossible. With the help
of Tevatron Run II, we should begin to think about
whether similar physics can be done by a looser but
more enforceable criterion of no minijets instead of
no particles in a “gap” region. Since jet multiplicities
are much less than particle multiplicities, this can only
work if the required length ∆y to define a gap is made
larger.

As a final comment, backgrounds to DPE — along
with some important questions regarding underlying
events in jet physics — would benefit from an improved
study of “minimum bias” physics, along the lines of

what was done long ago and at a lower energy in the
UA(5) experiment. Results from that experiment are
still being used in the absence of measurements at√
s = 1.8 TeV. This is another important topic to clean

up before the LHC, where fluctuations from a large
number of multiple interactions will be important.
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In this note we give the highest of reasonable estimates for the value of cross section of the double Pomeron Higgs meson
production and suggest a new mechanism for heavy quark diffractive production which will dominate at the Tevatron energies.

1. INTRODUCTION

In this note we consider three reactions

p+ p −→ p+ [LRG] +H + [LRG] + p ; (1)

p+ p −→ X1 + [LRG] +H + [LRG] +X2 ; (2)

p+ p −→ b+ b̄+X + [LRG] + p ; (3)

where LRG denotes the large rapidity gap between
produced particles and X corresponds to a system
of hadrons with masses much smaller than the total
energy. The first two reactions are so called double
Pomeron production of Higgs meson while the third is
the single diffraction production of bottom - antibot-
tom pair.

The goals of this note are the following:

1. To give the highest from reasonable estimates
for the cross sections of reactions Eq. (1) and
Eq. (2) ;

2. To summarize all uncertainties which we see in
doing these estimates ;

3. To show that there is a new mechanism of dif-
fractive heavy quark production ( Eq. (3) )
which is suppressed in DIS and dominates in
hadron-hadron collision at the Tevatron ;

4. To estimate the value of the cross section of re-
action Eq. (3) due to this new mechanism and
to show that all attempts to compare the diffrac-
tion dissociation in hadron-hadron collisions and
DIS[1] look unreliable without a detail experi-
mental study of this process at Fermilab.

2. DOUBLE POMERON HIGGS PRODUC-
TION

2.1. Inclusive Higgs production
Inclusive Higgs production has been studied in many

details [2–4] for the Tevatron energies. The main

Pomeron builders

Parasite emission
H

Q
→

⊥

Q
→

1,⊥

Q
→

2,⊥

Figure 1. Double Pomeron Higgs production in QCD

source for Higgs is gluon-gluon fusion which gives
σ(GG → H) = 1pb for Higgs with mass M � = 10GeV
[4]. The reference point for our estimates is the cross
section of Higgs production due to W and Z fusion
which is equal to σ(WW (ZZ) → H) = 0.1pb [4]. In
this process we also expect the two LRG [3] and in
some sense this is a competing process for reactions of
Eq. (1) and Eq. (2).

2.2. Double Pomeron Higgs production is a
“soft” process !!!

Let us estimate the simplest digram for the DP Higgs
production, namely, Fig.1 without any of s-channel
gluons. This diagram leads to the amplitude

M(qq → qHq) = (4)

2

9
2 g �

∫
d2Q⊥

Q2
⊥Q

2
1
�⊥Q2

2
�⊥

4α � (Q2
⊥) ( ~Q1

�⊥ · ~Q2
�⊥) .

For reaction of Eq. (1), |t1| = | ~Q⊥ − ~Q1
�⊥| ≈ |t2| =

| ~Q⊥ − ~Q2
�⊥| ≈ 2/B � � and therefore,

M(q + q → q +H + q) ∝
∫
d2Q⊥
Q4
⊥
. (5)
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Eq. (5) has an infrared divergence that is regularized
by the size of the colliding hadrons. In other words,
one can see that the simplest diagrams shows that DP
Higgs production is a typical “soft” process.

2.3. The more the gluons the more the prob-
lems...

In Fig.1 one can see that we have two sets of gluon
which play a different role. The first one is the glu-
ons that connect t-channel lines. Their contribution
increases the value of cross section [5–8]

dσ � (pp→ ppH)

dy
| � =0 = (6)

4 g2�

162 π3

∫
dt1dt2g

2
� � g

2
� � e

Bel(s/M
2
H

)

2 ( � 1+ � 2)

(
s

M2�

)2 ∆P

Eq. (6) can be rewritten in the form

dσ � (pp→ ppH)

dy
| � =0 = (7)

16

π
σ(GG → H)

(
σ � � (s/M2� )

σ ��� � (s/M2� )

)2

which is convenient for numeric estimates. However,
first we need to find the value of σ(GG → H) = g2� .
In inclusive production the value of g2� has been cal-
culated [9]

g2� =
√

2G � α2
� (M2� )N2/9π2. (8)

However, I think that the scale of α � for our process
is not the mass of Higgs but the “soft” scale ( α � (Q2

0)
with Q2

0 ≈ 1GeV 2 ). Indeed, using BLM procedure
[10] we can include the bubbles with large number of
light quarks only in t-channel gluon line which carry
the “soft” transverse momenta. This gives a sizable ef-
fect in numbers, since σ(GG → H) forM � = 100GeV
is equal to 1.16 pb (α � (M2� )) and to 20 pb (α � (Q2

0)).
Taking the last value we have

dσ � (pp→ ppH)

dy
| � =0 = 2pb (9)

This is our maximal value since all other effects related
to gluon emission suppressed the value of the cross
section.

2.4. Cost of survival
Actually, we have to multiply the cross section of

Eq. (9) by two factors to obtain the estimate for the
experimental cross section

d

σ
(pp→ ppH)dy| � =0 (10)

= S2

� � � � � S
2
� � � dσ � (pp→ ppH)

dy
| � =0

The first factor is the probability that there is no in-
elastic interaction of the spectators in our process. I
The situation with calculation of this factor has been
reported in this workshop [11] and the conclusion is
that this factor S2

� � � � � = 0.07 ÷ 0.13 at the Tevatron
energies. The discussion for double Pomeron processes
you can find in Ref. [12]

The second factor in Eq. (10) describe the probabil-
ity that there is no parasite emission in Fig.1 which
leads to a process with hadrons in central rapidity
region which do not come from the Higgs decay. The
generic formula for S2

� � � is

S2

� � � � � = e−
� �

G(∆ � =
� 	 ( � 2

H � � 0) � (11)

where < N � (∆y) > is the mean number of gluon
in interval ∆y. In pQCD this number is large [13]
< N � (∆y) ≈ 8 which leads to very small cross sec-
tion for Higgs production. For “soft” double Pomeron
production we can estimate the value of < N � (∆y)
assuming that the hadron production is two stage pro-
cess: (i) production of mini jet with p � ≈ 2 − 3GeV
and (ii) minijet decay in hadrons which can be taken
from e+e− → hadrons process. Finally,

< N � (∆y) >=
N � � � � �
	 �

N(one minijet)
≈ 2÷ 3 ,

(12)

which gives S2
� � � � � � � � � � � � � � � 	 ≈ 0.1.

2.5. God loves the brave !!!
Finally, we have

dσ(pp→ ppH)

dy
| � =0 = 0.02pb (13)

We can increase the cross section, measuring reaction
of Eq. (2). Its cross section is equal to

dσ(pp→ X1X2H)

dy
| � =0 = (14)

dσ(pp→ ppH)

dy
| � =0

(
σ � � ·B � � (

√
s/M � )

4σ � � ·B � � (
√
s/M � )

)2

=

3− 4
dσ(pp→ ppH)

dy
| � =0 = 0.06÷ 0.08pb

2.6. Sensitive issues
Eq. (13) and Eq. (14) are our results. I firmly believe

that they give the maximum values of the cross sec-
tions which we could obtain from reasonable estimates.
However, I would like to summarize the most sensitive
points in our estimates:
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1. The scale for running coupling QCD constant in
cross section of Higgs production. We took the
“soft” scale for our estimates. However, it is a
point which needs more discussion and even more
it looks in contradiction with our feeling, as I
have realized during our last meeting. My argu-
ment is the BLM procedure but more discussions
are needed;

2. We took S2

� � � � � for double Pomeron processes the
same as for “hard” LRG process. The justifi-
cation for this is eikonal type model [12], but
it could be different opinions as well as direct
experimental data;

3. The estimates for S2
� � � is very approximate and

we need to work out better theory for this sup-
pression.

3. DIFFRACTIVE HEAVY QUARK PRO-
DUCTION

The main observation is that there are two con-
tributions for heavy quark diffractive production (see
Eq. (3)): (i) the first is so called Ingelman-Schlein
mechanism [15] which described by Fig.2-a and (ii)
the second one is closely related to coherent diffrac-
tion suggested in Ref. [16] and which corresponds to
Fig. 2-b. The estimates of both of them have been
discussed in Ref. [14]. The main conclusion is that
the main contribution for the Tevatron energies stems
from CD (see also [17,18] while the IS mechanism leads
to the value of the cross section in one order [14,19]
less than CD one. on the other hand in DIS the CD
contribution belongs to the high twist and because of
that it is rather small [14,17].

Our conclusion is very simple. At the Tevatron we
has a good chance to measure a new contribution to
“hard” diffraction which is small in DIS. The typical
values of the cross section is

dσ

dY
=

∫ ∞
� min
t

dp2
�

∫ +∞

−∞
d∆y

∫ ∞

0

dq2
�

dσ

dY d∆ydq2
� dp2

�

≈ 10−4 ÷ 10−10 for p � � � � 	 = 5 ÷ 50 GeV
(15)

One can find all details in Ref. [14].
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Diffractive Production of Glueballs

Dmitri Kharzeeva

aPhysics Department and RIKEN-BNL Research Center, Brookhaven National Laboratory, Upton NY 11973, USA

This contribution is based on the work with John Ellis [1], in which we link the unexpected azimuthal dependence of
the production of scalar glueball candidate observed recently by the WA91 and WA102 Collaborations to the broken scale
invariance of QCD.

Confinement and the non-Abelian structure of QCD
imply the existence of bound states of gluons. Clearly,
finding and recognizing such glueball states is very im-
portant. One intriguing possibility is to identify the
observed f0(1500) state with the lightest scalar glueball
[2]. To verify the gluonic nature of this state, one has to
check in particular if the mechanisms of its production
are consistent with those expected for glueball states.
This suggests in particular that one looks for its pro-
duction in gluon-rich environments. It was suggested
long time ago [3] that the glueballs should be produced
copiously in the central production process

pp→ p � Xp � (1)

This may be dominated by double-Pomeron exchange
when the final-state protons carry large fractions of
the initial-state proton momenta in the centre-of-mass
frame. In fixed-target experiments, this requires the
presence of fast (p � ) and slow (p � ) protons in the final
state.

Recently, a big step in the investigation of this pro-
cess has been taken by the WA91 and WA102 Collab-
orations, which have reported remarkable kinematical
dependences of central meson production [4,5]. Specif-
ically, it was observed [5] that the the production of
glueball candidates depends strongly on the relative
transverse momenta of the final-state protons p � and
p � . The variable suggested in [5,6] was the difference
between the transverse momenta ~p′ � and ~q′ � of the
final-state protons:

dP � = |~p � ′ − ~q � ′|. (2)

The dependence of central meson production on this
variable appears to be very non-trivial: namely, it
was found that at small dP � the production of glue-
ball candidates, in particular the f0(1500), was signif-
icantly enhanced over the production of conventional
q̄q mesons. It was proposed [6] that this remarkable
feature of central production could be related to the
intrinsic structure of glueball states, and that the selec-
tion of events with small dP � could act effectively as a

glueball filter. So far, no dynamical explanation of this
important empirical observation has been suggested, so
the challenge for theory is to understand the dynamics
behind this glueball filter.

We have proposed [1] the following form for the
coupling responsible for scalar glueball production in
Pomeron-Pomeron collisions:

 L ∼ Θ(x)G
���� (x)G

�
��� (x), (3)

In momentum space, this coupling leads to an ampli-
tude that is proportional to the square of the scalar
product of the four-momenta of the colliding gluons g1

and g2:

M ∼ (g1.g2g
��� − g �1 g

�

2 )(g1.g2g ��� − g1 � g2 � )

∼ (g1.g2)2. (4)

This form of the coupling, and the Pomeron flux
factors, imply [1] that the production of the scalar
glueball should be most efficient when the two protons
scatter in parallel directions in the transverse plane, in
agreement with the experimental observations.

Our findings support the idea that the azimuthal
dependence in double diffractive production provides
a valuable way to single out the scalar glueballs and
to understand their properties. It would be extremely
interesting to extend these studies to collider energies,
where the dominance of the Pomeron exchange is much
better justified.
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Glueballs and Exclusive Hadron Production at the Tevatron

Michael G. Albrowa

aFermilab, USA

The study of low mass hadronic systems in double pomeron exchange processes is completely virgin territory at the
Tevatron. These are events with the p and p̄ at Feynman xF ≥ 0.997 or so, with central masses less than a few GeV and large
rapidity gaps in both forward directions. Important physics topics are (a) to search for glueball states G by the exclusive
process pp̄→ pGp̄ (b) to measure exclusive hyperon-antihyperon production up to Ω−Ω̄+ (c) to search for exclusive χc and
χb production (d) to search for events with an unusually large or small ratio of charged hadrons to πo (DCC = disoriented
chiral condensate?). These studies would all extend our understanding of QCD to the low-Q2 domain. I discuss briefly how
they could be carried out in CDF and DØ .

1. DOUBLE POMERON EXCHANGE

Double pomeron exchange, DPE, events [1] contain
two large rapidity gaps, where by “large” is meant not
exponentially damped on a scale of order one unit of
rapidity. A region ∆η (or better ∆y) as large as (say)
4 units with no hadrons is dominated by pomeron, P ,
exchange in the t-channel, with little background from
other processes (non-diffractive or reggeon exchange).
The “pomeron” is a colorless but strongly interact-
ing entity with the quantum numbers of the vacuum:
No charge, no isospin, positive parity, C-parity and
G-parity. Probably at low |t| and Q2 it is predomi-
nantly two or more gluons in a colorless combination.
Probing it with virtual photons at HERA [2], and ob-
serving diffractive W production at the Tevatron [3],
demonstrate a qq̄ component at large Q2.

The total rapidity range of a pp̄ collision is ∆y =
ln �� 2

p
, which was 8.4 at the CERN ISR (

√
s = 63

GeV), 13.0 at the Spp̄S (
√
s = 630 GeV), and is 15.3

at the Tevatron (
√
s = 2000 GeV). ∆y = 6.9 (7.4)

at the fixed target experiments WA102 [4] (E690 [5])
with p � � � � = 450 (800) GeV/c. At the colliders if we
restrict ourselves to events with all central hadrons in
|η| ≤ 1.5 (155

� ≥ θ ≥ 25
�
) where they can be well

measured, the forward rapidity gaps exceed 2.7 at the
ISR and 6.1 at the Tevatron. The AFS experiment
at the ISR [6] showed very little non-DPE background
in central π+π− production. Gaps exceeding 6 units
at the Tevatron will have negligible background from
non-pomeron exchange ∗.

2. GLUEBALL PHYSICS

At this workshop Barnes [7], Kharzeev [10] and
Pumplin [11] also discussed hadron spectroscopy in
double pomeron exchange processes. There are differ-

∗I assume no Odderon exchange. That could be looked for by the
exclusive production of a central ω or φ with IGJPC = 0−1−−.

ent ways of thinking about the exclusive process pp̄→
pGp̄ with G a central gluonium or glueball state.
(D.Robson [12] first suggested this channel.) One is to
note that any hadrons or hadron pairs with the quan-
tum numbers of the vacuum will be present as virtual
states in the vacuum and they can be made real by
the collision of two hadrons, whose role is essentially to
allow 4-momentum to be conserved. (What is the spec-
trum of these states, for specific quantum numbers?)
Another is to consider the fusion of a colorless pair (or
triplet) of gluons from each beam particle, noting that
the gluon density rises rapidly as x � � �
� � � 	 becomes
very small. Yet another is to note that glueball states,
like all hadrons, must couple to the pomeron and if the
quantum numbers are right the process will proceed by
PP → G. Allowed quantum numbers are I = 0, C = +
but any J

�
[11]. The advantage of the exclusive pro-

cess is clear: Glueballs are probably being produced
with a high cross section in inelastic collisions but when
the multiplicity is high the combinatorial background
is overwhelming. In exclusive production there is no
combinatorial background.

For this physics one would like to select events with
2, 4 or possibly 6 well measured charged particles in
the central detectors. Particle identification (π,K, p)
is important both for reconstructing the mass and
checking that the overall charge, strangeness, and
baryon number are zero. Additional neutral par-
ticles (γ, π

�
,K

�
� , n) may be looked for and either

used in the final state combination or used to re-
ject non-exclusive events. The list of interesting
final states is long and fairly obvious, including
π+π−,K+K−,K �

� K
�
� , pp̄,ΛΛ̄, φφ, 4π, ππKK,KKKK,

etc. The mass resolution when the charged tracks
are all measured is very good, typically 10 MeV. It
would be good to be able to use the electromagnetic
calorimetry to measure neutral states like ηη → 4γ
but I suspect this is very difficult to trigger on, the
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backgrounds would be high and the mass resolution
poor. However I have not done a study of this.

3. HYPERON AND OTHER PAIRS

At the Axial Field Spectrometer at the ISR exclusive
central pp̄ pairs were observed [6] with masses from 2
GeV to 2.8 GeV. With only 64 events there were no sig-
nificant structures. (WA102 [4] also reported no signif-
icant structures with more events but more non-DPE
background.) The total cross section for pp → ppp̄p
with the central p and p̄ having |η| ≤ 1.5 is 40±20
nb which, if s-independent†, would correspond to a
rate of 4 Hz at L = 1032cm−2s−1. Actually with that
luminosity and 36 bunches (∆t = 396ns) the fraction
of inelastic collisions that occur in isolation (therefore
useful for gap physics) is only about 13%. The opti-
mum luminosity for gap physics is when < n >= 1,
at L ≈ 5 × 1031cm−2s−1, and the fraction of events
that occur singly is then 37%. So perhaps one could
get thousands of events in an hour of special running,
along with other channels that could come with the
same trigger (say 2 or 4 central charged particles). This
estimate is assuming full |t| coverage and should be
multiplied by the t-acceptance if it is limited.

If proton pairs are produced by DPE we must also
have hyperon pairs Y Ȳ produced. Just using charged
particles, and allowing for displaced vertices, one can
measure pairs of Λ,Ξ−,Ξ(1530),Ω− and maybe even
Λ � . Using γ and π

�
other pairs like Σ

�
,Σ+ and Ξ

�

become accessible. Why would one want to do this?
The wealth of data possible can be used to measure the
coupling of all these baryons to the pomeron, and relate
them to elastic and total cross sections ... does the
phenomenology hang together? How do the Y Ȳ mass
spectra depend on Y , and on t1, t2 if they are mea-
sured. If one measures also meson pair production (φφ)
how do the cross sections compare at the same mass
(2-quarks vs 3-quarks)? With hyperon pairs one can
measure polarizations and hence study spin-spin cor-
relations which might reveal interesting things about
the spin of the pomeron (are there correlations with
t1, t2,∆φ(pp̄))? When K

�
K̄ � pairs are produced are

they K
�

� K
�

� and K
�
� K

�
� or sometimes K

�
� K

�
� , and is

the answer dependent on M � ¯� ? If both kaons were
to decay to π+π− is there a correlation between their
decay times as there is in φ decay?

†The cross section should be s-independent for αP (0) = 1.0,
whereas it falls with s for reggeon exchange αR(0) < 1.0.

4. HYBRIDS, HEAVY MESONS, AND
HIGGS

There can be a very interesting spectroscopy of, pos-
sibly narrow, hybrid states bb̄g [7] [13]. Those with the
allowed quantum numbers (DPE is a Quantum Number
Filter) will be produced exclusively; e.g. one gluon
from each beam proton fuse gg → g and another make
gg → bb̄.

Also we should search for the 0+0++ χ � and χ �

states; the latter decays to Υγ to µ+µ−γ. One very in-
teresting reason to study isolated central χ � production
is because it may instruct us about a possible Higgs
production (discovery?) channel [8]. In the former
case two gluons fuse to form the χ � , and another soft
gluon is exchanged between the two beam particles to
leave them colorless and unexcited. (This is called
non-factorisable double pomeron exchange, NFDP.)
Measuring this cross section will enable us to better
estimate the similar process where the two gluons (low
p  but p � ≈ p � � � � − � H

2 ) make a Higgs via a top-quark
loop, and another soft gluon sorts out the color. The
process is then pp̄ → pHp̄. Measuring the outgoing
x � ≈ 0.94 beam particles in precision roman pot detec-
tors (this requires dipole spectrometers on both sides
to get to |t| = t � � 	 ) the missing mass resolution can
be much better than the effective mass resolution of
the H → bb̄ jet pair. . Neither CDF nor DØ have
the apparatus for this but if the signal estimates and
(DPE/QCD b − b̄ dijet) backgrounds are encouraging
then it could be done [9].

Studies of meson pairs may be extendable to the
charm sector; the masses of D and D � are little above
the Ω mass, and there are exclusive decay modes e.g.
KKπ with branching fractions around 9% and 5% re-
spectively. Unfortunately exclusive BB̄ pairs are prob-
ably unobtainable.

All these processes, systematically studied, will
clearly tell us a lot about the nature of diffrac-
tion/pomerons, in addition to the hybrid or meson
spectroscopy itself.

5. DISORIENTED CHIRAL CONDENSATES
etc.

High energy cosmic ray events have been observed
with either an anomalously large ratio of charged
hadrons:γ/e (Centauros; one striking event has a ratio
49:1) or a very small ratio (Anticentauro; one event
has 1 charged track and 32 γ’s in an η, φ circle of
radius 0.7). Such events have been interpreted [14] as
manifestations of a “Disoriented Chiral Condensate”.
No accelerator experiments have seen anomalous tails
on the charged:neutral ratio [15]. No searches have
yet been made in the central region of DPE events.

265



It is worthwhile making a search, because as I have
said for low-t, low Q2 (no jets) events the pomeron
might be dominated by just gluons. In that case
this would be the first study of high mass (≈ 50
GeV) “isotropic” events where the initial state is (to
some degree) purely gluonic. One would trigger on
gap-X-gap events, anti-select on jets, construct the ra-
tio Σ �

T (charged tracks) : Σ �
T (electromagnetic cal)

and study the tails (with a single vertex, rejecting cos-
mics, etc.).

High charged multiplicity events, DCC candidates
or not, can be analysed for Bose-Einstein correlations,
which can be used to measure the radius of the particle
emission (separately for pions and kaons, if identified
... also for K

�

� if there are enough of them per event) in
both the longitudinal and transverse directions. The
K/π ratio is another interesting quantity to study ei-
ther in a sample of DCC candidate events or in other
special classes of events. Note that the AFS experi-
ment [6] found, for 2-central tracks, R[K+K−/π+π−]
above 1.0 just above the KK̄ threshold, but this is
probably a manifestation of the prominent f � (970) res-
onance.

6. EXPERIMENTAL CONSIDERATIONS

CDF and DØ have some complementary aspects for
this physics and it would be best to have both ex-
periments producing results, for cross checks where
they overlap. DØ will have the apparent advantage
of having roman pots (quadrupole spectrometers) on
both the p and the p̄ side, while CDF only has a dipole
pot spectrometer on the p̄ side. So DØ can tag both
beam particles and measure their t and φ, which CDF
cannot. Very interesting dependences of the central
mass spectra (π+π−) on the relative azimuth ∆φ have
been observed [16] at

√
s = 28 GeV/c. Are these de-

pendences due to regge exchanges which will die away
with

√
s ? DØ will pay a fairly severe rate penalty

≈ 10−4 for double tagging, because |t � � 	 | ≈ 0.5− 0.6
GeV2 on each side. Even when both p and p̄ are
detected, the missing mass resolution is O(GeV); the
spectroscopy is done by reconstructing the effective
mass of the central system. The CDF approach is
to ignore the forward p and p̄, allowing them to go
down the beam pipe, which gives acceptance for all |t|.
CDF can trigger on rapidity gaps on both sides, and to
make this possible have installed Beam Shower Coun-
ters (BSC) where possible around the beam pipe (just
in front of the low-β quadrupoles, before and after the
electrostatic separators, and on the p̄ side just before
the Roman Pots at 56 m). CDF hopes to install also
Miniplug Calorimeters for 3.5 ≤ |η| ≤ 5.5 (θ ≤ 3

�
) and

in this region there are also the Cerenkov Luminosity

Counters (CLC) which count charged particles from
the interaction region. All of these in veto will give
rapidity gaps of 4 units on each side. It might be
advantageous to require even larger gaps by (in CDF)
vetoing on energy in the plug calorimeter (which has
an ηφ geometry) with |η| ≥ 2.0 ... after all one cannot
measure tracks well there. DØ could, I believe, make
a similar trigger. These “2-gap” triggers will be very
effective at vetoing multiple interactions. Of course
some positive requirement (more than the beam cross-
ing signal X0) is also needed. This could be made
in principal, in CDF or DØ , by requiring a minimal
energy E in the complementary central region; above
noise levels but as low as possible. CDF has the more
attractive possibility of using its time-of-flight (TOF)
barrel (216 φ-segments of fast scintillator) to trigger
on a central charged particle multiplicity of 2,4 or 6
particles. (Actually the trigger would probably be only
able to use φ segments of 15◦ for technical reasons.)
The tracks which hit the TOF barrel are full length
and very well measured. Most will also be identified:
The TOF gives 2σ separation of π and K to 1.6 GeV/c,
and the Central Outer Tracker (COT) will measure
dE/dx to 10% which will provide further information
on π,K, p identification.

The best way of implementing this physics program
in CDF and DØ is probably to set up a trigger table
based on two forward gaps and the various central re-
quirements. One wants in addition the same central
requirements with one or no forward gaps required,
but with large prescaling factors to compensate for the
much higher rates. These samples are used to mea-
sure cross sections and estimate the signal:background
(multiplicity = 0 tails of non-diffractive events). Ide-
ally one would like this trigger table to give a rate
of about 50 Hz at L = 5.1031cm−2s−1, and to take
3-4 hours of test data at such a luminosity (or at a
lower luminosity if the trigger cross section is higher).
These 0.5-1.0 million events should be analysed both
for their own physics and to refine triggers. This should
be enough to whet our appetite for the most promising
and interesting channels, and either to take more ded-
icated running towards the end of stores or to include
this as a fraction of the “QCD bandwidth”.

7. CONCLUSION

There is a great deal of new physics to study with low
mass exclusive central states in DPE at the Tevatron.
The hardware should exist (the CDF Miniplugs should
be approved!) and the fraction of additional integrated
dead-time needed is negligible.
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A method allowing for a direct comparison of data with theoretical predictions is proposed for forward jet production at
HERA and Mueller-Navelet jets at Tevatron. An application to the determination of the effective Pomeron intercept in the
BFKL-LO parameterization from dσ/dx data at HERA leads to a good fit with a significantly higher effective intercept,
αP = 1.43±0.025(stat.)±0.025(syst.), than for proton (total and diffractive) structure functions. It is however less than the
value of the pomeron intercept using dijets with large rapidity intervals obtained at Tevatron. We also evaluate the rapidity
veto contribution to the higher order BFKL corrections. We suggest to measure the dependence of the dijet cross-sections
as a function of the jet transverse energies as a signal for BFKL pomeron at Tevatron.

1. Forward jet cross-section at HERA

The study of forward jets at colliders is considered
as the milestone of QCD studies at high energies, since
it provides a direct way of testing the perturbative
resummations of soft gluon radiation. More precisely,
the study of one forward jet (w.r.t. the proton) in an
electron-proton collider [1] seems to be a good can-
didate to test the energy dependence of hard QCD
cross-sections. It is similar to the previous proposal of
studying two jets separated by a large rapidity interval
in hadronic colliders [2], for which only preliminary
results are available [3]. This test is also possible in
γ∗-γ∗ scattering [4] but here the statistics and the
energy range are still insufficient to get a reliable de-
termination of the physical parameters for hard QCD
cross-sections. Indeed, the proposed (and favored for
the moment being) set-up [1] is to consider jets with
transverse momentum k  of the order of the photon
virtuality Q allowing to damp the QCD evolution as a
function of k  (DGLAP evolution [5]) in favor of the
evolution in energy at fixed k  (BFKL evolution [6]).

In contrast to full Monte-Carlo studies we want to
focus on the jet cross section dσ/dx observable itself,
by a consistent treatment of the experimental cuts
and minimizing the uncertainties for that particular
observable. Let us remark that our approach is not
intended to provide a substitution to the other meth-
ods, since the Monte-Carlo simulations have the great
merit of making a set of predictions for various ob-
servables. Hence, our method has to be considered as
complementary to the others and dedicated to a better
determination of the effective Pomeron intercept using
the dσ/dx data. As we shall see, it will fix more pre-
cisely this parameter, but it will leave less constrained
other interesting parameters, such as the cross-section

normalization.
The cross-section for forward jet production at

HERA in the dipole model reads [10]:

d(4)σ

dxdQ2dx � dk2 dΦ
=
πN � α2α � (k2 )

Q4k2 f � ��� (x, µ2
� )

Σe2�
∫ 1

2 +
� ∞

1
2−

� ∞

dγ

2iπ

(
Q2

k2

) �

exp{ε(γ, 0)Y } ×

×
[
h  (γ) + h � (γ)

γ
(1− y) +

h  (γ)

γ

y2

2

]
(1)

where

Y = ln
x �

x
(2)

ε(γ, p) = ᾱ [2ψ(1)− ψ(p+ 1− γ)− ψ(p+ γ)] (3)

f � ��� (x, µ2
� ) = G(x, µ2

� ) +
4

9
Σ(Q � + Q̄ � ) (4)

µ2
� ∼ k2 , (5)

are, respectively, Y the rapidity interval between the
photon probe and the jet, ε(γ, p) the BFKL ker-
nel eigenvalues, f � ��� the effective structure function
combination, and µ � the corresponding factorization
scale. The main BFKL parameter is ᾱ, which is the
(fixed) value of the effective strong coupling constant
in LO-BFKL formulae. Note that we gave the BFKL
formula not including the azimuthal dependence as
we will stick to the azimuth-independent contribution
with the dominant exp{ε(γ, 0)Y } factor.

The so-called “impact factors” h  , h �

(
h 
h �

)
=
α � (k2 )

3πγ

(Γ(1− γ)Γ(1 + γ))3

Γ(2− 2γ)Γ(2 + 2γ)

1

1− 2
3γ(

(1 + γ)(1− �

2 )
γ(1− γ)

)
, (6)
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are obtained from the k  factorization properties [15]
of the coupling of the BFKL amplitudes to external
hard probes. The same factors can be related to the
photon wave functions [16,14] within the equivalent
context of the QCD dipole model [17].

Our goal is to compare as directly as possible the
theoretical parameterization (1) to the data which are
collected in experiments [7,8]. The crucial point is
how to take into account the experimentally defined
kinematic cuts [7,8].

The main problem to solve is to investigate the effect
of these cuts on the determination of the integration
variables leading to a prediction for dσ/dx from the
given theoretical formula for d(4)σ as given in formula
(1). The effect is expected to appear as bin-per-bin
correction factors to be multiplied to the theoretical
cross-sections for average values of the kinematic vari-
ables for a given x-bin before comparing to data (e.g.
fitting the cross-sections) [9].

The experimental correction factors have been de-
termined using a toy Monte-Carlo designed as follows.
We generate flat distributions in the variables k2 /Q2,
1/Q2, x � , using reference intervals which include the
whole of the experimental phase-space (the Φ variable
is not used in the generation since all the cross-section
measurements are φ independent). In practice, we
get the correction factors by counting the numbers of
events which fulfill the experimental cuts given in Table
I for each x-bin. The correction factor is obtained
by the ratio to the number of events which pass the
experimental cuts and the kinematic constraints, and
the number of events which fullfil only the kinematic
constraints,i.e. the so-called reference bin. The correc-
tion factors are given in reference [9].

We perform a fit to the H1 and ZEUS data with
only two free parameters. these are the effective
strong coupling constant in LO BFKL formulae ᾱ cor-
responding to the effective Lipatov intercept α � =
1 + 4 log 2ᾱN � /π, and the cross-section normalization.
The obtained values of the parameters and the χ2 of
the fit are given in Table III for a fit to the H1 and
ZEUS data separately, and then to the H1 + ZEUS
data together.

The χ2 of the fits have been calculated using sta-
tistical error only and are very satisfactory (about
0.6 per point for H1 data, and 1. per point for ZEUS
data). We give both statistical and systematic errors
for the fit parameters. The values of the Lipatov in-
tercept are close to one another and compatible within
errors for the H1 and ZEUS sets of data, and indicate
a preferable medium value (α � = 1.4− 1.5). We also
notice that the ZEUS data have the tendency to favour
a higher exponent, but the number of data points used
in the fit is much smaller than for H1, and the H1

Table 1
Fit results.

fit ᾱ αP

H1 0.17 ± 0.02 ± 0.01 1.44 ± 0.05 ± 0.025
ZEUS 0.20 ± 0.02 ± 0.01 1.52 ± 0.05 ± 0.025

H1+ZEUS 0.16 ± 0.01 ± 0.01 1.43 ± 0.025 ± 0.025
D0 0.24 ± 0.02 ± 0.02 1.65 ± 0.05 ± 0.05

fit Norm. χ2(/dof)

H1 29.4 ± 4.8 ± 5.2 5.7 (/9)
ZEUS 26.4 ± 3.9 ± 4.7 2.0 (/2)

H1+ZEUS 30.7 ± 2.9 ± 3.5 12.0 (/13)

data are also at lower x. The normalization is also
compatible between ZEUS and H1. The fit results
are shown in Figure 1 and compared with the H1 and
ZEUS measurements.

2. Comparison with Tevatron results

The final result of our new determination of the ef-
fective pomeron intercept is α � = 1.43± 0.025 (stat.)
±0.025 (syst.). Our method allows a direct comparison
of the intercept values with those obtained in other
experimental processes, i.e. γ∗γ∗ cross-sections at LEP
[4], jet-jet cross-sections at Tevatron at large rapidity
intervals [3], F2 and F

�
2 proton structure function mea-

surements [12–14].
Let us compare our results with the effective in-

tercept we obtain from recent preliminary dijet data
obtained by the D0 Collaboration at Tevatron [3]. The
measurement consists in the ratio R = σ1800/σ630

where σ is the dijet cross-section at large rapidity inter-
val Y ∼ ∆η for two center-of-mass energies (630 and
1800 GeV), ∆η1800 = 4.6, ∆η630 = 2.4. The exper-
imental measurement is R = 2.9 ± 0.3 (stat.) ±0.3
(syst.). Using the Mueller-Navelet formula [2], this
measurement allows us to get a value of the effective
intercept for this process

R =

∫ 1
2 +

� ∞
1
2−

� ∞
� �

2
�

� � (1− � )e
� ( � � 0)∆ � 1800

∫ 1
2 +

� ∞
1
2−

� ∞
� �

2
�

� � (1− � )e
� ( � � 0)∆ � 630

. (7)

We get α � =1.65 ± 0.05 (stat.) ± 0.05 (syst.), in
agreement with the value obtained by D0 using a
saddle-point approximation [3] (see Table 1). This
intercept is higher than the one obtained in the forward
jet study.

Formula (7) is obtained after integration over the jet
transverse energies at 630 and 1800 GeV, E  1 , E  2 . We
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Figure 1. The H1 data (k  > 3.5 GeV, k  > 5 GeV), and the ZEUS data are compared with the result of the fit.
ZEUS data are also displayed in logarithmic scales in vertical coordinates to show the discrepancy at high x values.
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note that the non integrated formula

R(E  1/E  2) =

∫ 1
2 +

� ∞
1
2−

� ∞
� �

2
�

�

( �
T1�
T2

)2 �

e � ( � � 0)∆ � 1800

∫ 1
2 +

� ∞
1
2−

� ∞
� �

2
�

�

( �
T1�
T2

)2 �

e � ( � � 0)∆ � 630

(8)

shows a sizeable dependence on E  1/E  2 , which could
be confronted with experiment. Let us show both the
integrated and E  1/E  2 dependent cross-sections in
Figure 2.

The question arises to interpret the different values
of the effective intercept. It could reasonably come
from the differences in higher order QCD corrections
for the BFKL kernel and/or in the impact factors
depending on the initial probes (γ∗ vs. jets). In
order to evaluate the approximate size of the higher
order BFKL corrections, we will use their description
in terms of rapidity veto effects [18]. In formula (1),
we replace exp(ε(γ, 0)Y ) by

Σ∞	 =0 θ(Y − (n+ 1)b)
[ε(γ, 0) (Y − (n+ 1)b)]

	

Γ(n+ 1)
. (9)

The Heaviside function θ ensures that a BFKL ladder
of n gluons occupies (n+ 1)b rapidity interval where b
parametrises the strength of NLO BFKL corrections.
The value of the leading order intercept is fixed to
α � = 1.75(α � (Q2 = 10) = 0.28), where Q2 = 10
GeV2 is inside the average range of Q2 in the forward
jet measurement. The fitted value of the b parameter
obtained using the forward jet data is found to be 1.28
± 0.08 (stat.) ± 0.02 (syst.). Imposing the same value
of α � with Tevatron data gives b=0.21± 0.11 (stat.) ±
0.11 (syst.). Note that the theoretical value of b for the
NLO BFKL kernel is expected to be of the order 2.4,
which is also compatible with the result obtained for
the γ∗γ∗ cross-section. A contribution from the NLO
impact factors is not yet known, and could perhaps
explain the different values of b.

3. Conclusion

To summarize our results, using a new method to
disentangle the effects of the kinematic cuts from the
genuine dynamical values we find that the effective
pomeron intercept of the forward jet cross-sections at
HERA is α � = 1.43± 0.025 (stat.) ±0.025 (syst.). It
is much higher than the soft pomeron intercept, and,
among those determined in hard processes, it is inter-
mediate between γ∗γ∗ interactions at LEP and dijet
productions with large rapidity intervals at Tevatron,
where we get α � =1.65 ± 0.05 (stat.) ± 0.05 (syst.).

Looking for an interpretation of our results in terms
of higher order BFKL corrections expressed by rapidity
gap vetoes b between emitted gluons, we find a value
of b =1.3 at HERA, and 0.21 at Tevatron. The HERA

1
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4

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 2 3

Figure 2. E  1/E  2 dependence of the dijet cross-
section ratio. E  1/E  2 is given in the horizontal axis,
and R in vertical axis. In full line is given the non
integrated R(E  1/E  2) (see formula (8)), in dotted
line, the integrated R (formula (7) and in dashed line,
the saddle point approximation of R [2], for the fitted
value of α � (see table 1).

value is sizeable but less than the theoretically pre-
dicted [11] value for the NLO BFKL kernel (b =2.4).
The Tevatron value is compatible with zero. The ob-
served dependence in the process deserves further more
precise studies [19].

We suggest to measure the dependence of the dijet
cross-sections as a function of the jet transverse ener-
gies as a signal for BFKL pomeron at Tevatron run II.
The Mueller Navelet jet study would also benefit from
a lower energy run at the end of Run II to allow a
normalization independence of the intercept determi-
nation and BFKL tests.
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The production of jet pairs at large rapidity difference at hadron colliders is potentially sensitive to BFKL physics. We
present the results of a BFKL Monte Carlo calculation of dijets at the Tevatron. The Monte Carlo incorporates kinematic
effects that are absent in analytic BFKL calculations; these effects significantly modify the behavior of dijet cross sections.

1. MONTE CARLO APPROACH TO BFKL

Fixed-order QCD perturbation theory fails in some
asymptotic regimes where large logarithms multiply
the coupling constant. In those regimes resumma-
tion of the perturbation series to all orders is nec-
essary to describe many high-energy processes. The
Balitsky-Fadin-Kuraev-Lipatov (BFKL) equation [1]
performs such a resummation for virtual and real soft
gluon emissions in such processes as dijet production
at large rapidity difference in hadron-hadron collisions.
BFKL resummation gives [2] a subprocess cross section
that increases with rapidity difference as σ̂ ∼ exp(λ∆),
where ∆ is the rapidity difference of the two jets with
comparable transverse momenta p  1 and p  2.

Experimental studies of these processes have re-
cently begun at the Tevatron pp̄ and HERA ep col-
liders. Tests so far have been inconclusive; the data
tend to lie between fixed-order QCD and analytic
BFKL predictions. However the applicability of an-
alytic BFKL solutions is limited by the fact that they
implicitly contain integrations over arbitrary numbers
of emitted gluons with arbitrarily large transverse mo-
mentum: there are no kinematic constraints included.
Furthermore, the implicit sum over emitted gluons
leaves only leading-order kinematics, including only
the momenta of the ‘external’ particles. The absence
of kinematic constraints and energy-momentum con-
servation cannot, of course, be reproduced in exper-
iments. While the effects of such constraints are in
principle sub-leading, in fact they can be substantial
and should be included in predictions to be compared
with experimental results.

The solution is to unfold the implicit sum over gluons
and to implement the result in a Monte Carlo event
generator [3,4]. This is achieved as follows. The BFKL
equation contains separate integrals over real and vir-
tual emitted gluons. We can reorganize the equation by
combining the ‘unresolved’ real emissions — those with

transverse momenta below some minimum value (cho-
sen to be small compared to the momentum thresh-
old for measured jets) — with the virtual emissions.
Schematically, we have
∫
� � �
� � � � +

∫

� � � � =

∫
� � �
� � � � + � � � � � � 	 � � � �

+

∫

� � � � � � � � �

(1)

We perform the integration over virtual and unresolved
real emissions analytically. The integral containing the
resolvable real emissions is left explicit.

We then solve by iteration, and we obtain a differ-
ential cross section that contains a sum over emitted
gluons along with the appropriate phase space factors.
In addition, we obtain an overall form factor due to
virtual and unresolved emissions. The subprocess cross
section is

dσ̂ = dσ̂0 ×
∑

	 ≥0

f 	 (2)

where f 	 is the iterated solution for n real gluons emit-
ted and contains the overall form factor. It is then
straightforward to implement the result in a Monte
Carlo event generator. Because emitted real (resolved)
gluons appear explicitly, conservation of momentum
and energy, as well as evaluation of parton distribu-
tions, is based on exact kinematics for each event. In
addition, we include the running of the strong coupling
constant. See [3] for further details.

2. DIJET PRODUCTION AT HADRON
COLLIDERS

At hadron colliders, the BFKL increase in the dijet
subprocess cross section with rapidity difference ∆ is
unfortunately washed out by the falling parton distri-
bution functions (pdfs). As a result, the BFKL pre-
diction for the total cross section is simply a less steep
falloff than obtained in fixed-order QCD, and tests of
this prediction are sensitive to pdf uncertainties. A
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Figure 1. The azimuthal angle decorrelation in di-
jet production at the Tevatron as a function of dijet
rapidity difference ∆, for jet transverse momentum
p  > 20 GeV. The analytic BFKL solution is shown
as a solid curve and a preliminary D∅ measurement [6]
is shown as diamonds. Error bars represent statisti-
cal and uncorrelated systematic errors; correlated jet
energy scale systematics are shown as an error band.

more robust prediction is obtained by noting that the
emitted gluons give rise to a decorrelation in azimuth
between the two leading jets.[5,3] This decorrelation
becomes stronger as ∆ increases and more gluons are
emitted. In lowest order in QCD, in contrast, the jets
are back-to-back in azimuth and the (subprocess) cross
section is constant, independent of ∆.

This azimuthal decorrelation is illustrated in Fig-
ure 1 for dijet production at the Tevatron pp̄ col-
lider [3], with center of mass energy 1.8 TeV and jet
transverse momentum p  > 20 GeV. The azimuthal
angle difference ∆φ is defined such that cos ∆φ = 1 for
back-to-back jets. The solid line shows the analytic
BFKL prediction. The BFKL Monte Carlo prediction
is shown as crosses. We see that the kinematic con-
straints result in a weaker decorrelation due to sup-
pression of emitted gluons, and we obtain improved
agreement with preliminary measurements by the D∅
collaboration [6], shown as diamonds in the figure.

In addition to studying the azimuthal decorrelation,
one can look for the BFKL rise in dijet cross section
with rapidity difference by considering ratios of cross
sections at different center of mass energies at fixed
∆. The idea is to cancel the pdf dependence, leaving
the pure BFKL effect. This turns out to be rather
tricky [8], because the desired cancellations occur only
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Figure 2. The ratio R12 of the dijet cross sections
at the two collider energies

√
s1 = 630 GeV and√

s2 = 1800 GeV, as defined in the text. The curves
are: (i) the BFKL MC predictions (solid curve), (ii)
the ‘naive’ BFKL prediction (dashed curve), and (iii)
the asymptotic QCD leading-order prediction (dotted
curve) R12 = 1.

at lowest order. Therefore we consider the ratio

R12 =
dσ(
√
s1,∆1)

dσ(
√
s2,∆2)

(3)

with ∆2 defined such that R12 = 1 in QCD lowest-
order. the result is shown in Figure 2, and we see that
the kinematic constraints strongly affect the predicted
behavior, not only quantitatively but sometimes qual-
itatively as well. More details can be found in [8].

3. CONCLUSIONS

In summary, we have developed a BFKL Monte
Carlo event generator that allows us to include the
subleading effects such as kinematic constraints and
running of α � . We have applied this Monte Carlo
to dijet production at large rapidity separation at
the Tevatron. We found that kinematic constraints,
though nominally subleading, can be very important.
In particular they lead to suppression of gluon emis-
sion, which in turn suppresses some of the behavior
that is considered to be characteristic of BFKL physics.
It is clear therefore that reliable BFKL tests can only
be performed using predictions that incorporate kine-
matic constraints.

274



REFERENCES

1. L.N. Lipatov, Sov. J. Nucl. Phys. 23 (1976) 338;
E.A. Kuraev, L.N. Lipatov and V.S. Fadin, Sov.
Phys. JETP 45 (1977) 199; Ya.Ya. Balitsky and
L.N. Lipatov, Sov. J. Nucl. Phys. 28 (1978) 822.

2. A.H. Mueller and H. Navelet, Nucl. Phys. B282
(1987) 727.

3. L.H. Orr and W.J. Stirling, Phys. Rev. D56
(1997) 5875.

4. C.R. Schmidt, Phys. Rev. Lett. 78 (1997) 4531.
5. V. Del Duca and C.R. Schmidt, Phys. Rev.

D49 (1994) 4510; W.J. Stirling, Nucl. Phys.
B423 (1994) 56; V. Del Duca and C.R. Schmidt,
Phys. Rev. D51 (1995) 215; V. Del Duca and
C.R. Schmidt, Nucl. Phys. Proc. Suppl. 39BC
(1995) 137; preprint DESY 94-163 (1994), pre-
sented at the 6th Rencontres de Blois, Blois,
France, June 1994.

6. D∅ Collaboration: S. Abachi et al., Phys. Rev.
Lett. 77 (1996) 595; D∅ Collaboration: presented
by Soon Yung Jun at the Hadron Collider Physics
XII Conference, Stony Brook, June 1997.

7. L.H. Orr and W.J. Stirling, Phys. Lett. B436
(1998) 372.

8. L.H. Orr and W.J. Stirling, Phys. Lett. B429
(1998) 135.

275



Run 2 Plans for Hard Diffraction Studies in CDF

K. GOULIANOS, The Rockefeller University, 1230 York Avenue, New York, NY 10021, USA.

We summarize briefly the CDF proposal for “Further Studies in Hard Diffraction and Very Forward Physics with CDF in
Run II” and discuss the present status of the proposed detectors.

A program has been proposed for studies of hard
diffraction and very forward physics with CDF in Run
2, which requires adding to CDF three detector com-
ponents (see Fig. 1):

1) A Roman Pot Spectrometer (RPS) to detect
leading antiprotons.

2) Two MiniPlug (MP) calorimeters covering the
pseudorapidity region 3.5 < |η| < 5.5 to detect parti-
cles and jets and measure their energies.

3) A set of Beam Shower Counters (BSC) posi-
tioned around the beam pipe at four (three) locations
along the p̄ (p) beam direction to tag rapidity gaps
within 5.5 < |η| < 7.5.

The Roman Pot Spectrometer will be the one
used in Run 1C. It consists of X-Y scintillation fiber
detectors placed in three Roman Pots located at a
distance of 57 m downstream in the p̄ direction. The
detectors have a position resolution of ±100µm, which
makes possible a∼ 0.1% measurement of the p̄ momen-
tum. In Run 1C, the p̄-beam was behind the proton
beam, as viewed from the RPS side. An inverted po-
larity (with respect to Run I) of the electrostatic beam
separators will enable us to move the RPS detectors
closer to the p̄-beam and thereby gain acceptance at
small |t| down to ξ ≡ 1 − x � (p̄) = 0.03 (at larger |t|
lower ξ values can be reached with good acceptance).

The MiniPlugs will be placed within the holes of
the muon toroids (see Fig. 2). They consist of layers
of lead plates immersed in liquid scintillator (Fig. 3).
The signal is guided by 1 mm dia. WLS fibers strung
through holes in the plates, as shown, to be read out
by multi-cannel PMT’s. The “tower” structure, de-
fined by the way the fibers are grouped to be read
out, is shown in Fig. 4. A full depth (∼ 30 rl) Mini-
Plug prototype has been constructed and tested in
high energy muon, electron and pion beams with ex-
cellent results [1,2]. As of December 1999, the final
Miniplug design has been completed, the vessels and
all mechanical parts have been fabricated, a prototype
lead plate of the final design (laminated with reflective
aluminum) has been procured, and several Hamamatsu
R5900-M16 PMT’s have been acquisitioned and tested.

Beam Shower counters are rings of scintillation
counters “hugging” the beam pipe. In stations #1 the

rings are segmented into four quadrants, and in the
other stations into two. As of December 1999, all 18
counters are ready for installation.

The physics topics to be addressed include:
Hard single diffraction

W , b, J/ψ and dijet production; dependence of the
cross section on ξ and t; third-jet activity in jet pro-
duction; extraction of the pomeron structure function.

Soft and hard double diffraction
(central rapidity gaps)

Dependence of cross section of dijet events with a ra-
pidity gap between jets on jet E  and jet η separa-
tion and comparison with predictions from BFKL and
other models; measurement of the differential soft dou-
ble diffraction cross section and comparison with phe-
nomenological predictions; relationship between gap
fractions in minimum bias and dijet events.

Double pomeron exchange (DPE)
Measurement of dijet cross section in events with a
DPE topology (pomeron-pomeron collisions); extrac-
tion of the diffractive proton structure function from
DPE dijet events and comparison with the diffrac-
tive antiproton structure measured in single diffraction
(test of factorization); measurement of soft DPE cross
section (test of soft factorization); connection between
soft and hard diffractive processes; opportunities for
new physics in exclusive DPE channels.

Small-x/large-x physics:
Measurement of proton parton distribution functions
in the range 4×10−5 < x < 0.8; x � � � can be measured
as a function of the E  scale down to E  of 5 GeV.

Centauros and Disoriented Chiral Condensates
The signature for Centauros/DχCs is multiparticle
clusters of large dN/dη with abnormal charge to
neutral ratios.
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Figure 1. Location of the Beam Shower Counter sta-
tions along the p̄ direction on the West side of CDF
(not to scale). On the East side only the first three
BSC stations will be installed, as there is no room for
BSC-4.
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Figure 2. Schematic drawing showing a MiniPlug
hanging from two beams supported on one end by the
plug and on the other by the toroid (not to scale). This
scheme allows for moving the toroids and/or the plug
while the MiniPlug remains stationary.
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Figure 3. Schematic side view of a Miniplug.
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Figure 4. Proposed MiniPlug lead plate. The de-
sign is based on a hexagon geometry. Each hexagon
has six holes, with a WLS fiber inserted in each hole.
The six fibers of a hexagon are grouped together and
are viewed by one MCPMT channel. There are 252
hexagons in each MiniPlug viewed by 18 16-channel
MCPMTs. The MCPMT outputs are added in groups
of 3 to form 84 calorimeter “towers”.

277



The DØ Forward Proton Detector

Andrew Brandt (DØ Collaboration)a

aUniversity of Texas at Arlington, P.O. Box 19059, Arlington, TX 76019

The Run II DØ Forward Proton Detector is described.

1. Hard Diffraction

One of the most interesting new results from Teva-
tron Run I was the existence of large rapidity gaps
in events with a hard scattering. CDF and DØ pub-
lished several papers on events with a central rapidity
gap between jets [1,2] and have several more papers
either published or in preparation on related topics,
including diffractive production of jets [3,4], W and Z
bosons [5,6], and b quarks [7]. Improved understand-
ing of the new field of hard diffraction, which probes
otherwise inaccessible details of the strong force and
vacuum excitation, requires new detectors for tagging
and measuring scattered protons.

2. The Forward Proton Detector

The DØ Forward Proton Detector (FPD) [8] con-
sists of momentum spectrometers which make use of
accelerator magnets along with points measured on the
track of the scattered proton to calculate the proton’s
momentum and scattering angle. Tracks are measured
using scintillating fiber detectors (a prototype detec-
tor is shown in Fig. 1) located in vacuum chambers
positioned in the Tevatron tunnel 20–60 meters up-
stream and downstream of the central DØ detector.
The vacuum chambers were built in Brazil and will
be installed in the Tevatron in August 2000. One of
the completed Roman pot castles is shown in Figure 2.
The scintillating fiber detectors will be assembled at
the University of Texas at Arlington.

Figure 3 shows the layout of the FPD. In the cen-
ter of the diagram is the DØ detector (not to scale).
The dipole spectrometer consists of two scintillating
fiber detectors located after the Tevatron dipole mag-
nets (D) about 57 meters downstream of the inter-
action point on the outgoing p̄ arm, and measures
anti-protons that have lost a few per cent of the beam
momentum (and are thus deflected out of the beam
envelope and into the detector located on the radial
inside of the Tevatron ring). The detectors compris-
ing the quadrupole spectrometers are located adjacent
to the electrostatic beam separators (S) on both the
proton (P) and anti-proton (A) sides and use the low
beta quadrupole magnets (Q) as the primary analyzing

Figure 1. A photograph of the prototype scintillating fiber

detector.

magnets. They have acceptance for a large range of
proton (anti-proton) momenta and angles.

Each of the nine independent spectrometers consists
of a pair of detectors, both in the same plane: above,
below, to the right, or to the left of the beam. This
combination of spectrometers maximizes the accep-
tance for protons and anti-protons given the available
space for locating the detectors. Particles traverse thin
steel windows at the entrance and exit of each Roman
pot (the stainless steel vessel that houses the detector).
The pots are remotely controlled and can be moved
close to the beam (within a few mm) during stable
beam conditions and retracted otherwise. The scin-
tillating fiber detectors are read out by multi-anode
photomultiplier tubes and are incorporated into the
standard DØ triggering and data acquisition system.

The FPD project has proceeded well and is expected
to be ready for the start of Run II, although final
funding for the phototubes and trigger electronics has
not yet been secured. The FPD will allow new insight
into an intriguing class of events that are not currently
understood within the Standard Model. It allows us
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Figure 3. The layout of the Roman pot stations and Tevatron components comprising the Forward Proton Detector as described in

the text (not drawn to scale).

Figure 2. A completed Roman pot castle at Fermilab along

with project leaders Alberto Santoro (left) and Andrew Brandt.

to trigger directly on events with a scattered proton,
anti-proton, or both, along with activity in the DØ
detector. In addition to improved studies of recently
discovered hard diffractive processes, the new detector
will allow a search for glueballs and exotic phenomena.
The FPD will also provide improved luminosity mea-
surements, which are an important component to all
DØ analyses.
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